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ABSTRACT
Low tide rainfall-runoff processes have been proposed as a kind of coastal ocean
“hot moment” capable of transporting disproportionately large amounts of material from
the salt marsh surface to the water column. However, the resulting organic matter cycling
has not been well characterized and the cumulative effects of recurring short-term low
tide rainfall events are not known, especially in the context of outwelling. The purpose of
this Ph.D. research is to quantitatively evaluate the effects of low tide rainfall on
particulate organic carbon (POC) cycling in a South Carolina salt marsh.
This dissertation is comprised of four parts. First, a study of metal flux by rainfallrunoff is presented as the preliminary approach of understanding the material cycling
processes by rainfall-runoff. Those findings show a heterogeneous distribution of metals
in sediment with a concentrated surficial layer leading to higher concentrations of metals
in the initial runoff relative to the substrate. Second, the distribution of organic matter in
the marsh surface sediment is presented in order to investigate the geomorphic controls
on organic matter content and composition. I observe two scales of variability in organic
matter characteristics, one at ~101 m and the other at ~103 m and I ascribe this to the
geomorphic structure and sediment sources, respectively. Third, I investigate the
characteristics and fluxes of rainfall-driven particulate organic matter in tidal creeks.
Rainfall-entrained particles contain allochthonous organic matter primarily derived from
Spartina alterniflora, which is compositionally different from surface sediment or
suspended sediment in no rain conditions. Also, I calculate that rainfall-runoff can
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mobilize and transport 0.020±0.002 gPOC/m2/mmRain and annually it can generate up to
13.64±1.36 gPOC/m2/year. This is approximately 19% of tidal current driven POC
annually indicating that the previous outwelling estimates taken under calm weather
conditions likely underestimated the net delivery of POC from salt marshes to the coastal
ocean. Fourth, I review studies related to rainfall-runoff processes from salt marshes and
reveal that the intertidal surface has a characteristic response at the tidal creek-subtidal
channel interface with an average value of 0.040±0.038 gPOC/m2/mmRain. This is an
average response computed from a range of salt marshes and it can be directly applied to
any intertidal landscape for evaluating the effects of low tide rainfall on POC flux. I then
integrate rainfall-driven POC flux into a box model describing organic carbon cycling
through the hierarchical structure of salt marshes. Overall, rainfall-driven flux is 12-73%
of tidal current driven POC flux at the tidal creek-subtidal channel interface while at the
subtidal channel-coastal ocean interface rainfall is likely ~50% of tidal current driven
POC flux averagely. Therefore, previous outwelling studies may have underestimated the
ability of salt marshes in providing nutritional material to the coastal ocean. Overall, this
dissertation provides both quantitative and qualitative information on rainfall-runoff
effects so that future research can integrate the rainfall-runoff effects into studies about
intertidal zone material cycling and biogeochemical processes, especially under climate
change and sea level rise.
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CHAPTER 1
INTRODUCTION
Salt marshes are transitional landscapes between terrestrial and marine environments
subject to recurrent tidal flooding under low energy hydrodynamic conditions. They are
important features of the South Carolina coast with 344,500 acres of salt marshes
comprising ~67% of the estuarine area (SCDNR and NOAA, 2003). Most of the salt
marshes in the southeastern United States are occupied by Spartina alterniflora. The net
primary production ranges from 650 to 3700g dry biomass m-2 yr-1 (Teal, 1962; Williams
and Murdock, 1966; Odum and de la Cruz, 1967; Williams and Murdock, 1969). This
high biomass production along with the rate of allochthonous sediment supply plays a
key role in maintaining marsh surface elevation to keep pace with sea level rise (Morris
et al., 2002; Mudd et al., 2009). Also, due to this high productivity salt marshes are
shown to serve as sources of nutritious organic material to the near-shore environment,
expressed as the “outwelling” theory (e.g. Odum and de la Cruz, 1967; Dame et al.,
1986), and important nursery habitat for economically important fisheries (Cain and
Dean, 1976; Weinstein, 1979; Wenner and Beatty, 1993; Lipcius et al., 2005). On the
other hand, salt marshes store contaminants and pollutants by sequestering fine sediment
(e.g. Williams et al., 1994). These contaminants can be released to the water column
during biological and physical disturbances (Williams et al., 1994; Spencer et al., 2003;
Du Laing et al., 2009), including rainfall (Chen et al., 2012). Furthermore, salt marshes
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protect lowlands from marine flooding by damping storm waves and slowing flood waves
(Möller et al., 1999; Allen, 2000).
Understanding the processes that control the cycling and the characteristics of
material in salt marshes is essential to evaluating coastal zone and salt marsh ecosystems
and their numerous benefits to the society. Carbon is particularly important in the salt
marsh environments due to its association with many biogeochemical processes. A
conceptual box model is presented to summarize the cycling and fate of organic carbon in
salt marshes (Figure 1.1). River input, marine input via tidal circulation, groundwater
input, atmospheric deposition, and internal resuspension from surface sediment are the
main sources of organic carbon (OC) to the water column (Valiela et al., 1992). OC goes
through complex biogeochemical transformations that help support both autotrophic and
heterotrophic production. For example, biogeochemical processes such as respiration and
mineralization transform organic carbon into CO2 and release to the atmosphere. OC is
constantly transformed between particulate and dissolved phases through the food web
and undergoes decomposition, aggregation and adsorption. Also, POC can be stored in
the bottom sediment and reintroduced to the water column by biological and physical
disturbances. Eventually, some OC may be delivered to the coastal ocean (Nixon, 1980).
This conceptual model of carbon cycling overlooked one important external
forcing: low tide rainfall-runoff processes. Due to the high physiochemical and biogenic
cohesion of salt marsh surface sediment (e.g., Paterson, 1989) tidal currents and shallow
water waves typically do not generate shear stresses that exceed sediment shear resistance
(Amos, 1995; Callaghan et al., 2010). Hence, the amount of surface sediment that can be
mobilized by tidal currents is limited. However, low tide raindrop impacts (Ghadiri and
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Payne, 1981; Imeson et al., 1981) and surface runoff fluid shear stress (Hartley and
Alonso, 1991) generate orders of magnitude higher bed stress resulting in much more
substantial salt marsh surface sediment mobilization (Mwamba and Torres, 2002).
Therefore, low tide rainfall-runoff events have been characterized as “hot
moments” that represent short-term hydrodynamic processes responsible for a
disproportionately large amount of material transport (after Wurstbaugh et al., 2002).
However, the resulting OM cycling has not been well characterized and the cumulative
effects of recurring short-term low tide rainfall events in the overall outwelling are not
known. Moreover, in the context of global climate change the expected intensification of
the hydrologic cycle and the more and more frequent episodes of heavy precipitation
(Hayhoe et al., 2007) will have unknown effects on estuarine ecosystems. Therefore, the
primary goal of this dissertation is to evaluate how low tide rainfall-runoff processes
affect particulate organic carbon (POC) cycling in salt marshes.
SCOPE OF THIS DISSERTATION
This dissertation is comprised of four parts. First, in Chapter 2 I present the study on
metal flux under simulated rainfall experiment as the preliminary approach of
understanding the material cycling. With this insight I am able to design a sampling
protocol needed to study POC cycling processes under natural rainfall-runoff because
metals are strongly associated with OM (e.g., Williams, 1994). In this chapter, I analyzed
the metal contents in simulated rainfall-runoff particulates. Sediment concentration,
discharge and rainfall rate were assessed in the field, and sediment metal contents were
analyzed in the lab (Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Ag, Cd, Al, Sn, Hg, Tl and Pb). I
observed elevated metal contents relative to the background content by a factor of 43

4000. Up-scaling the plot results indicate that a single storm may entrain 4.8-8.4 tons/km2
of sediment, or up to 96-168 tons/year. With observed metal contents being on the order
of 0.1-200 µg/g I estimate that each year loading of different heavy metals occurs in the
larger subtidal channels fed by intertidal creeks draining the salt marsh. This study
attempts to quantify material fluxes and it shows that rainfall-entrained sediment is a
potentially large non-point source of material to benthic and aquatic ecosystems. This
chapter was published as Chen et al. (2012).
Second, in Chapter 3 I studied the spatial distribution of OM content and
composition in the context of salt marsh geomorphic structure. This is a requisite
background study for low tide rainfall-runoff cycling because surface sediment is the
source material. In this chapter, 25 surface sediment samples were analyzed from two
transects across a salt marsh island; one traverses relatively old marsh and the other a mix
of old and new marsh. I use elevation and distance to channel head as geomorphic
proxies and associate them with the abundances (carbon, nitrogen) and the
isotopic/molecular compositions of organic constituents (i.e. lignin). I observed
statistically significant linear correlations between elevation and distance with OM
content. However, the trend was positive for older marsh and negative for new marsh.
Also, opposing trends were observed in OM provenance with old marsh samples having
greater contributions from marine algae or allochthonous OM and new marsh having a
predominantly degraded Spartina alterniflora or autochthonous OM signature. Together
these data reveal two scales of variability, one at ~101 m and the other at ~103 m. I ascribe
the opposing trends in OM content and the different scales of variability to the effects of
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an apparent additional source of nutrients to the new marsh. This chapter was submitted
to Limnology and Oceanography and it is currently under review.
Third, In Chapter 4 I evaluated the effects of low tide rainfall-runoff on the
biogeochemical characteristics and fluxes of suspended sedimentary POC in salt marsh
tidal creeks. Suspended sediment from two intertidal creeks in North Inlet salt marsh was
collected during rainfall events and was compared to samples collected during no rain
conditions. Two key questions were answered in this chapter: 1) What are the
biogeochemical characteristics of rainfall-runoff suspended sediment? 2) How much
POC was driven by rainfall-runoff? I observed that rainfall-runoff caused up to two
orders of magnitude increase in suspended sediment concentration and OM constituents
in tidal creeks. Multivariate statistical analyses revealed that the rainfall-runoff particles
were compositionally different from both no rain suspended sediment and surface
sediment. The OM in rainfall-runoff was depleted in bulk organic carbon and algaederived OM but enriched in lignin phenols. These observations indicate that an
allochthonous OM primarily derived from Spartina alterniflora is input to tidal creeks by
rainfall-runoff. Moreover, I calculated that rainfall-runoff can mobilize and transport
0.020±0.002 gPOC/m2/mmRain and annually up to 13.64±1.36 gPOC/m2/year. This yield
is approximately 19% of annual tidal current driven POC flux indicating that the
outwelling estimates taken under calm weather conditions likely underestimated the net
delivery of POC from salt marshes to the water column.
Fourth, Chapter 5 reviewed published rainfall-related salt marsh studies in order
to generalize the quantitative effects of rainfall-runoff on POC flux in intertidal
environments. I computed the “POC removal rate” with units of gPOC/m2/mmRain and
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the “annual POC yield” with units of gPOC/m2/year from information provided in 10
studies over a range of salt marshes. Values of POC removal rate suggest that the
intertidal surface has a characteristic response to rainfall-runoff processes at the tidal
creek-subtidal channel interface with an average value of 0.040±0.038
gPOC/m2/mmRain. Furthermore, the annual POC yield of rainfall-runoff was compared
with the “outwelling” estimates. The results indicate that previous outwelling
measurements likely underestimated POC flux by ~50% averagely. Finally, I present a
model describing the rainfall-runoff POC flux through the hierarchical structure of salt
marshes.
Overall, this dissertation demonstrates that low tide rainfall-runoff is a hot
moment in intertidal environments. Neglecting this process may underestimate the export
of nutritious organic materials from salt marshes to the coastal ocean. Both quantitative
and qualitative information are provided in this dissertation so that future research can
integrate the rainfall-runoff effects into studies about intertidal zone material cycling and
biogeochemical processes.
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Figure 1.1 Biogeochemical conceptual model of organic carbon in an estuary. Boxes
represent the water column, block arrows represent fluxes (not to scale). Line arrows
represent biogeochemical pathways. Modified from Bianchi (2007).
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CHAPTER 2
SALT MARSH SEDIMENT AND METAL FLUXES IN RESPONSE TO RAINFALL1

1

Chen, Si, Raymond Torres, Michael Bizimis and Edward F. Wirth. 2012. Limnology and
Oceanography Fluids & Environments. 2: 54-66.
Reprented here with perission of publisher (Appendix A).
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2.1 ABSTRACT
We applied rainfall to a salt marsh surface to mimic effects of a low tide summer storm,
and we collected runoff and sediment transported to the downslope end of the 1x2 m plot.
Sediment concentration (SC), discharge and rainfall rate were assessed in the field, and
sediment metal contents were analyzed in the lab (Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Ag,
Cd, Al, Sn, Hg, Tl and Pb). SC peaked at 6100 mg L-1 at 3 min and remained within a
quasi-steady range for 16 min. Time series of metal contents were highly variable, but
most were elevated relative to the background content by a factor of 4-4000. Up-scaling
the plot results indicate that a single storm may mobilize 4.8-8.4 tons per km2 per min of
sediment, or up to 96-168 tons year-1. With observed metal contents being on the order of
0.1-200 µg g-1 we estimate that each year loading of different heavy metals occurs in the
larger subtidal channels, fed by intertidal creeks draining the salt marsh. This study
highlights the importance of low tide salt marsh rainfall-runoff processes as an intraestuarine material cycling process and it shows that rainfall-entrained sediment is a
potentially large nonpoint source of metals to benthic and aquatic ecosystems.
2.2 INTRODUCTION
Salt marshes are depositional environments (Woodroffe, 2001) characterized by weak
hydrodynamic forcing (e.g., Mimura et al., 1993; Christiansen et al., 2000), and
sedimentary surfaces with high physiochemical and biogenic cohesion (Tolhurst et al.,
2008). Consequently, salt marsh surface sediment typically develops high erosion
thresholds (Amos, 1995) that preclude entrainment by tidal currents and shallow water
waves (Callaghan et al., 2010). With time salt marsh surface sediment undergoes burial,
compaction and consolidation (Fagherazzi and Furbish, 2001), but some reworking may
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occur through bioturbation (Sharma et al., 1987), channel adjustments (Gabet, 1998), and
lateral marsh erosion (vanProosdij et al., 2006). For the most part however, incipient
long-term storage occurs over the expanse of the salt marsh.
One surface process that can arrest incipient storage is low tide rainfall (Figure
2.1). During low tide when the intertidal landscape is subaerial raindrop impacts and
raindrop fluid shear together operate to break loose the cohesive sediment and overland
flow facilitates transfer of sediment in the downslope direction (Torres et al., 2004) while
freshwater additions promote defloculation (Tolhurst et al., 2006) collectively giving rise
to a lower critical shear stress (Pilditch et al., 2008). Rainfall as an intertidal zone
sediment cycling process was introduced by Anderson (1973), and later Oertel (1976)
and Chalmers et al. (1985) reasoned that low tide rainfall erosion was a vital process that
facilitates organic matter cycling and transformations. In simulated rainfall experiments
Torres et al. (2003) found that rainfall-entrained sediment was a factor ~10 greater in
nutrient content relative to the bulk background sediment.
The process of entraining highly cohesive sediment focuses on raindrop impacts
as a “point source” of momentum. For instance, Ghadiri and Payne (1981) report
raindrop compressive stress of 4.4 MPa. The resulting pressure exerted by the drop is
equal to the rate of momentum loss per area, and equal to the momentum gain by the
sedimentary surface (Gabet and Dunne, 2004). A soft surface can absorb momentum by
deformation, and some of the momentum may be reflected upwards transporting water
and solids away from the impact. Immediately after impact the raindrop is deformed and
the vertical force is transformed to a lateral shearing force as water jets over the surface
(Ghadiri and Payne, 1981). These fluid shear stresses, albeit short-lived, may be several

10

orders of magnitude greater (Hartley and Alonso, 1991) than shear stresses observed
during overmarsh tidal flows (e.g., Christiansen et al., 2000), and higher than critical
shear stress for intertidal zone sediment (Mimura, 1993; Callaghan et al., 2010). Hence,
raindrops can detach copious amounts of highly cohesive sediment (Mwamba and Torres,
2002), and they can disrupt biofilm cohesion (Tolhurst, 2008), leading to enhanced
sediment transport (Amos, 1995; Pilditch et al., 2008).
Intertidal zone sediment has been characterized as having low infiltration rates
(Hemond et al., 1984) and very little rainwater goes into subsurface storage. Therefore,
surface runoff develops shortly after the inception of rainfall. After freshwater fills most
of the microtopographic depressions, a more continuous sheetflow develops, facilitating
greater transfer of rainfall-detached material. Sheetflow of ~0.03 m depth or greater may
shield the surface from raindrop impact (Hartley and Alonso, 1991), but Green and Houk
(1980) observed increases in SSC (suspended sediment concentration) induced by rainfall
in up to 0.11 m of standing water.
Material washed from the intertidal landscape to subtidal channels likely will be
subjected to more extensive redistribution with flood and ebb circulation (Torres et al.,
2004). With strong tidal currents finer particles will remain in suspension due to turbulent
mixing. As slack tide is approached, turbulent mixing is reduced and some suspended
material may settle out. This sequence is repeated with each tidal cycle, and the fate of
rainfall-detached material will depend strongly on the amplitude of tidal forcing, the
location of particle entry into subtidal channels, settling velocities, and hydrodynamic
conditions. As a consequence, low tide rainfall-runoff processes can have an immediate
effect on SSC, and a longer term effect of lowering erosion threshold through biofilm
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disruption. The net result is that low tide rainfall events are a type of intra-estuarine
material cycling process able to transport particulates that ordinarily are not mobilized by
overmarsh currents and shallow water waves.
Since low tide raindrop impact and sheetflow processes augment estuarine
sediment redistribution we contend that they also facilitate contaminant cycling. For
example, intertidal zone sediment has been shown to accumulate heavy metals (Nixon,
1980; Williams et al., 1994; Sanger et al., 1999) or other contaminants sorbed to
particulates (Nissenbaum and Swaine, 1976; Horowitz, 1985). Therefore, the highly
nutritious rainfall-entrained particulate material described by Torres et al. (2003) may
also have elevated heavy metal or other contaminants harmful to, for example,
suspension feeders. However, effects of low tide rainfall have been largely overlooked as
a component of estuarine material (e.g., inorganic and organic particulates, nutrients,
pollutants, larvae etc.) cycling processes. For instance, low tide rainfall can give rise to a
three order of magnitude increase in suspended sediment, and strongly elevated values
may persist for several tidal cycles (Torres et al., 2004). Hence, we hypothesize that low
tide rainfall events facilitate pulse additions of material to the water column, and they
enhance tidal redistribution of material that would otherwise remain in storage.
The purpose of this study is to evaluate rainfall-entrained sediment and metal
fluxes in response to a low tide rainfall simulation experiment. Here we augment the
nutrient analyses of Torres et al. (2003) by measuring heavy metal contents in the same
samples. These results are combined with observations in rainfall-runoff processes and
geomorphic properties of the salt marsh to characterize the composition of mobilized
sediment, rates of transport, and temporal variability in metal content. We contend that
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this work is necessary because: 1) low tide rainfall is an important but poorly documented
component of the estuarine sedimentary cycle, 2) the highly nutritious particulate matter
reaching the subtidal zone may be contaminated with heavy metals, and 3) the processes
and fluxes evaluated here are likely to shed light on the effects of similar processes in salt
marsh landscapes in general.
2.2 METHODS
The study was conducted near 33o19’N, 79o53’W, close to Georgetown, South Carolina.
North Inlet is a relatively pristine 32 km2 bar-built, ebb-dominated, micro tidal (semidiurnal tide range ~1.5 m) lagoonal estuary. Sinuous subtidal channels (> 40 m wide)
dissect the expansive low relief wetlands, and many smaller intertidal creeks less than 5
m wide etch the salt marsh platform. For example, in an 8.7 km2 area of intertidal marsh
there are 725 small-scale tidal creek networks; total creek length is 114 km, giving a
drainage density of 13.1 km km-2 (Novakowski et al., 2004). Tidal records show that noninundating high tides or neap high tides may occur for 2-4 days per lunar cycle; hence the
marsh platform can be subaerial for up to 4 days each month.
Sediment budget studies show that North Inlet is a sediment sink with 80-85%
inorganic sediment in the accumulating mass (Gardner and Kitchens, 1978; Vogel et al.,
1996). The organic fraction is derived from a variety of terrestrial and marine sources that
include remains of algae, animals, microbes and plants (Goñi and Thomas, 2000). Recent
long-term sediment accretion measurements show that the salt marsh accumulates
organic and inorganic sediment at a rate of 2-3 mm yr-1 (Morris et al., 2002).
North Inlet has a subtropical climate in the summer but mean monthly
temperatures range between 9-27 oC, and long-term annual rainfall is 1.4 m (National
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Climatic Data Center COOPID #383468). In the summer and fall part of the annual total
arrives by high intensity and low duration thunderstorms, typical of southeastern North
America. For example, the National Weather Service Hydrometeorological Design
Center (http://www.nws.noaa.gov) reports that the area can experience 5 min rainfall
intensities of 146-171 mm hr-1 with a 1-year recurrence interval. This is supported by our
direct field observations where a single storm caused visibility to decrease from ~10 km
to 5 m within minutes, with a peak 2-minute intensity of 174 mm hr-1. In this case the 22
min duration storm delivered a total of 20 mm of rainfall. Moreover, a six year rainfall
record from the study site reveals that rainfall events with peak 100 mm hr-1 or higher
intensity lasting over 4 min occur on average nine times per year. Therefore, high
intensity, high energy rainfall events are recurring features of this study site, and likely
other estuarine landscapes.
The study plot was in the vegetated (37 stems m-2) low marsh, at the head of a
first order intertidal creek. Maximum plot relief was up to 0.05 m around Spartina
alterniflora tussocks. Plot sediment was predominantly silt sized material with some
clay, and X-ray diffraction analyses show that the dominant clay mineralogy consists of
kaolinite and illite, with 15.7 ±3.6% by weight of organic matter giving rise to an
average bulk density of 0.4 g cm-3. Vegetation consists of a monoculture of S.
alterniflora and stem density averaged 53 m-2, and there were at least eight 0.8-1.2 cm
burrows per m2 (see Mwamba and Torres, 2002).
The study plot was 1x2 m oriented in the downslope direction. A portable
sprinkler irrigation apparatus was used to simulate rainfall onto the plot using tap water
with a pH of 7.6. A 0.5 m deep trench was dug across the lower end of the plot and an
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inclined PVC trough fitted to the plot edge. Runoff from the trough was sampled
manually with a 1-L graduated cylinder and stopwatch. The sediment-laden runoff was
collected at 1-5 min intervals at the downslope end. Samples were transferred to clean
neoprene 1-L screw top bottles, stored at -30 C for two weeks until further analysis.
The duration for rainfall application was estimated from the duration of summer
rainfall events exceeding 50 mm hr-1. In order to impose experimental control on the
system we expected to drive the system to steady state with sufficiently long rain
application to reach steady discharge. Moreover, to achieve steady sediment flux we had
to irrigate long enough for sediment from the upper edge of the plot to reach the
collection point. We estimated that the sediment load would require ~15 min to reach a
steady value with sheet flow ~5 mm thick. Therefore, we applied rain for 45 min, thrice
the expected time to steady response. This extended rain application provided the
requisite experimental control and it allowed us to characterize and confirm temporal
trends in the data. In summary, we expect that the first 10-15 minutes of irrigation can
be taken to represent a summer storm, albeit with a “square wave” of rainfall.
In sampling particulate matter in runoff we did not distinguish between bed load
and suspended load, and we refer to total sample as SC. The samples analyzed here were
from 1-2 minute intervals for the first 20 min, and thereafter three additional samples
were taken at 25, 34 and 42 min. We elected to analyze this set of 20 samples due to
observations by Torres et al. (2004) showing that the most dynamic part of the temporal
response in terms of sediment and nutrients was in the initial 10 min of rain. The sample
volumes ranged from 84-880 mL. The particulates were separated by centrifugation in
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polypropylene tubes, and the sediment pellets were oven dried at 50 C for 48 hours,
homogenized by mortar-pestle. The ratio of pellet mass to total volume gives SC.
In order to acquire samples of bulk background sediment, polycarbonate petri
dishes with a 0.14 m radius and 0.02 m depth were pushed into the bare surface and cut
from the bottom with a plastic knife. Three samples were taken, one in the middle, and
two at the outer edge of the plot. A sediment disk from outside the plot and with a
comparable appearance was placed in the sample void inside. Runoff and background
samples were oven-dried at 50C, crushed in a mortar-pestle and stored in glass vials, in
an opaque box. The sediment samples were analyzed for Cr, Mn, Fe, Ni, Cu, Zn, As, Se,
Ag, Cd, Al, Sn, Hg, Tl and Pb at the NOAA, NOS, NCCOS, Center for Coastal
Environmental Health and Biomolecular Research.
Following the NOAA NOS procedure a 0.25 g of the ground sample was
transferred to a Teflon-lined digestion vessel and digested in 5 mL of concentrated nitric
acid using microwave digestion. The sample was brought to a fixed volume of 50 mL in a
volumetric flask with deionized water and stored in a 50 mL polypropylene centrifuge
tube until instrumental analysis of Al, Fe, Mn, Ni, Cu, Zn, Cd, and Ag. A second 0.25 g
sub-sample was transferred to a Teflon-lined digestion vessel and digested in 5 mL of
concentrated nitric acid and 1 mL of concentrated hydrofluoric acid in a microwave
digestion unit. The sample was then evaporated on a hotplate at 225 °C to near dryness
and 1 mL of nitric acid was added. The sample was brought to a fixed volume of 50 mL
in a volumetric flask with deionized water and stored in a 50 mL polypropylene
centrifuge tube until instrumental analysis for Cr, As, Sn, Tl, and Pb. A sub-sample for Se
was prepared by hotplate digestion using a 0.25 g sub-sample and 5 mL of concentrated
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nitric acid. Each sample was brought to a fixed volume of 50 mL in a volumetric flask
with deionized water and stored in a 50 mL polypropylene centrifuge tube until
instrumental analysis. All elemental analyses were performed using an Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) except for silver, which was determined
using Graphite Furnace Atomic Absorption (GFAA) spectroscopy and Hg which was
quantified on a Milestone DMA-80 Direct Mercury Analyzer. Replicate analyses were
not conducted, therefore quality control relied on analyses of a series of blanks and
standard reference materials, including NRC MESS-3 (Marine Sediments). Average
recoveries of control samples and SRMs were 96.5% and 81.1%, respectively. All
measured metal contents exceed the minimum detection limit values (MDL) on Table
2.1, except for the lower values of Hg and Ag.
2.3 RESULTS
The applied 10 min rainfall rates averaged between 108-144 mm hour-1. There was a
delay of ~1.5 min in runoff initiation, but after 4 min the discharge was about 105 mm hr1

and persisted until 7 min. Between 7-15 min the discharge increased to 130 mm hr-1,

with large fluctuations from 10-12 min. From 15-45 min discharge varied between 108144 mm hr-1 and at 45 min the irrigation was stopped (Figure 2.2). After the first few
minutes the runoff ratio (runoff rate/rainfall rate) was typically ~1.0 indicating very little
water evaporated or infiltrated into the soil. Average sediment removal rate, estimated as
sediment volume per plot area per sample collection time interval, occurred at a rate of
~0.02 mm min-1 assuming an average bulk density of 0.4 g cm-3 (from Mwamba and
Torres, 2002). However, plot microtopography focused flow around highs leading to
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three local incisions of up to ~0.1 mm min-1, but this was limited in area to ~5 cm2.
Therefore, sediment analyzed here was predominantly from the salt marsh surface.
The SC values increased on the rising limb of the hydrograph and decreased on
the falling limb, but aside from that the discharge and SC did not vary systematically
(Figure 2.2). SC peaked at 6100 mg L-1 at 3 min after the initiation of runoff, and this
peak occurred one minute before a local peak in discharge. From 3-10 min the SC was
highly variable with up to 30% variations while the discharge was systematically
increasing. At 10.5 min a discharge peak was followed by a 21% decrease at 11.5 min,
and another peak at 14 min. This large variation in discharge led to a slight increase in
SC at 11.5 min. After about 15 min however, the discharge continued to vary
considerably but the SC began a gradual decline from 5100 mg L-1 to 3000 mg L-1 at 45
min. At the end of irrigation discharge and SC declined rapidly.
Although the samples for metal content analysis were acquired as part of a nonuniform time series and are therefore autocorrelated (e.g., not independent), we
nonetheless present statistical summaries of metal contents to illustrate their magnitudes
and variability. Figure 2.3 is a Box-Whisker plot of all data, including total organic
carbon (TOC) and total nitrogen (TN) taken from Torres et al. (2004). The Mn, Zn and
Cr contents are mostly greater than 70 µg g-1. Pb, Ni, Cu and As have lower contents and
occur over a much narrower range, mostly between 20-40 µg g-1. Al and Fe, reported in
weight percent, have the highest contents over a very narrow range at roughly 7% and
4%, respectively. Also, TOC varies slightly around 7.5%. Other trace metals vary
considerably between 0-1 µg g-1 (Figure 2.3B). Se typically had the highest content in
that range followed by highly variable values associated with Sn. Next in abundance are
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Tl, Ag, Cd and Hg, respectively. TN values varied slightly around 0.67%. Most of the
values of each element have a skewed distribution as indicated by the positions of the
median lines in each blue box relative to the first and third quartiles at the end of each
box. Also, despite the variations in discharge and SC, the TOC content varied only
slightly through the time series with an average of 7.6 ±0.19%. Taking the ratio of the
standard deviation to the mean (CV = coefficient of variation) as an indicator of scatter
reveals that the least variable constituents are TOC, Mn, Tl, Al, As and Fe. The CVs of
remaining metals were between 0.10-0.52.
Overall, there was a weak correspondence between SC and metal content. This
implies that in most cases the amount of sediment, or temporal variability of sediment
mobilized by rainfall did not have a large effect on metal content. For instance, the
linear correlation coefficients (R2) of content vs. SC ranged from 0.00-0.61, with a mean
of 0.17  0.22. The highest R2 values are associated with As (R2 = 0.61), Hg (R2 = 0.30)
and Mn (R2 = 0.23), and for the others R2 < 0.17. The positive correlations between
some metals and SC coupled with the general decrease of SC with time (Figure 2.2)
during the experiments suggest that these metals are preferentially bound with the early,
more readily mobile sediment fraction. In contrast the near invariant content of the most
abundant elements Fe and Al suggests that the bulk composition of the background
sediment was uniform, even when SC and discharge were highly variable as on the
rising and falling limbs of the hydrograph.
The variability of metal content can be observed directly in the time series of each
species (Figure 2.4). In general, there are two types of response, those that decline with
time and those that remain nearly steady. Most time series start with or reach a peak
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content value within a few minutes and then decline in a rapid non-linear fashion (Zn,
Mn, Hg, Cd), or a rapid linear fashion (As, Se), or they decline very slightly (Pb, Tl). On
the other hand, initial contents of Cr, Ni, and Cu are non-steady but have a higher range
of values, and later experience a rapid decline. Following the early high contents (e.g.,
after 10-15 min) lower values persist, and in most cases with up to a factor of four
difference between peak and later contents (e.g., 20-42 min). On the other hand, some
species show a relatively uniform value throughout (Fe, Al, Ag, Tl), and Sn seems not to
adhere to any of these general patterns. Cr, Pb, Mn, and Ni have lower values in the first
4 min (Figure 2.4). However, some of the lower Ag values are comparable to the MDL
and so for this metal the trend is speculative (see Table 2.1).
In all cases the first 10 min of rainfall produced a highly dynamic metal response.
For example, Cr, Pb and Ni have well-developed peaks at 3 and 10 min with a shallow
trough in between (Figure 2.4). Sn has two peaks as well but the first occurs at 5 min,
and the second is at 10 min, as described above. Other species may have the first or
second peak only. For example, a large peak was detected in Ag at 4 min, Sn at 5 min,
and Cu at 6 min and none of these have the corresponding second peak. On the other
hand, Cd had a single large peak at 10 min in an otherwise rapidly declining time series.
In all cases after about 10 min the contents attain a quasi-steady interval where the
fluctuating values are much lower than in the initial 10 min. Note that these peaks seem
to correspond to peaks in discharge at about 3 and 10 min (Figure 2.2), but later
fluctuations in discharge show no response (Figure 2.4).
We applied linear regression by least squares to the Fe, Al and Ag responses
(Figure 2.4). In each case the slopes of the fits were about 10-3, and the y-intercepts were
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nearly equal to the mean content. Therefore, these data were relatively steady through
time. For the remaining samples we applied a power function curve fit and again used
least squares regression (Figure 2.4). In this case however, where necessary for curve
fitting only we omitted the one or two points that were outlier values shown in grey
(Figure 2.4). The fitted exponents were all negative, between -0.53 for Hg to -0.025 for
Tl. Of course the lowest values were associated with the higher slopes. Overall the
Pearson correlation coefficients (R2) for these fits range from 0.11 for Sn to 0.80 for Mn.
In fact, excluding Sn and Tl the range is reduced to 0.38 for Pb to 0.80 for Mn.
A notable attribute of the time series data is that in most cases the metal contents
were greater than the bulk sample composition from which the mobilized sediment is
assumed to have originated (Figure 2.4). For example, the early peaks were a factor of 44000 greater than background. Later, however, values during the quasi-steady discharge
interval (at 15-45 min) were only 34%-70% higher. Lower level enrichments of 7%-22%
were associated with Fe, Hg, Cd and Ag, and again, the Sn time series lacks a strong
temporal pattern, at times higher or lower than background. The Se time series shows a
regular decline in content with some values higher and lower than the background
sediment. Overall, enrichment of metals in runoff over the source background sediment
is especially large during the initial stages of the simulated rainfall event. Together these
observations indicate that rainfall and runoff processes over the salt marsh surface tend
to transport metals adsorbed to sediment, and the metal content in mobilized particulates
is typically greater than the content of the bulk sample.
Taking the results of Mwamba and Torres (2002) and Torres et al. (2003) we
estimate the material flux in response to low tide rainfall. Here, we refer to “flux” as
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sediment volume per area per time that is mobilized over the intertidal surface within the
time frame of a single storm. Up-scaling the plot results were done by assuming uniform
rainfall and sediment density giving an estimate of 1.5-2.7 tons km-2 min-1 of mobilized
cohesive sediment. Now the questions are: How much material is mobilized by low tide
rainfall, and where does it go? Velocity and duration of freshwater sheetflow control the
arrival of rainfall-entrained sediment to exposed intertidal creeks, and that focused flow
is likely routed to the larger subtidal channels. In the subtidal zone wider redistribution or
export to the coastal ocean may occur with tidal circulation (Torres et al., 2004). Hence,
the degree to which the intertidal creeks dissect the landscape affects sediment
redistribution. Taking the intertidal creek drainage density of 13.1 km km-2 and using an
average sheet flow velocity of 0.02 m sec-1 (Mwamba and Torres, 2002), we propose that
each minute of rainfall duration leads to a progressively wider swath of marsh delivering
sediment-laden water directly to the intertidal creek network. Using the estimates of
sediment mobilization, freshwater sheet flow velocity and creek network density we
estimate that a 10-minute thunderstorm at low tide delivers 4.8-8.4 tons km-2 min-1 of
sediment to intertidal channels. Assuming a localized thunderstorm covers 5 km2 and
there are four storms at low tide or during non-inundating neap high tides we get 96-168
tons per year of sediment routed to the subtidal system though intertidal creek networks
draining the salt marsh of water and sediment. This is a conservative estimate since
thunderstorm extent, intensity, duration and frequency can be much higher than assumed
for these calculations. Nevertheless, these sediment loadings give rise to the estimated
metal loading based on mean metal contents and presented in Table 2.1.
2.4 DISCUSSION
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Clearly, these order of magnitude estimates of sediment flux can be refined but they
illustrate the potential effects of the process. Moreover, work performed by rainfall with
lower intensity, higher frequency storms will likely add to the cycling estimates above.
For example, Voulgaris and Meyers (2004) showed that rainfall intensities as low as 11
mm hr-1 led to a four-fold increase in SSC lasting three tidal cycles. On the other hand,
the fate of the rainfall-mobilized material is not known; some may settle in the subtidal
zone, or a large fraction may be deposited on the marsh with subsequent high tides
thereby moderating the metal flux estimates in Table 2.1. Also, some material may be
exported to the coastal ocean, consistent with the estuarine outwelling hypothesis (Dame
et al., 1986).
Continued work on rainfall-driven material cycling is needed because salt marsh
tide and wave-induced bed stresses typically are not sufficient to entrain the highly
cohesive sediment, and without rainfall-driven cycling the surface material will undergo
incipient storage. Moreover, we contend that the low tide rainfall events may constitute
“hot moments”. A hot moment is an event or series of events that are highly localized in
space and time, and yet contribute significantly to overall material cycling (Wurstbaugh
et al., 2002). Hence, low tide rainfall events likely “represent short-term hydrodynamic
processes responsible for a disproportionate amount of material transport”. In the case of
North Inlet, annual total low tide rainfall of ~10-1 m transports disproportionately large
amounts of metals and nutrients relative to the tidal inundations with an annual
cumulative water depth of ~102 m. Of course other processes such as wind waves, boat
wakes, tidal and river currents affect intertidal zone material cycling but low tide rainfall
effects remain a poorly documented component of intertidal zone material cycling
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processes. This view is particularly relevant in the context of climate change where some
coastal landscapes are expected to undergo more frequent and higher intensity storms
(IPCC 2007). In other words, climate change is likely to impart changes to the ambient
energy of the system and subsequent material cycling rates and processes (Birch et al.,
2001).
In this study experimental control was exerted on the intertidal system by
conducting controlled rainfall irrigations, and by conducting this work in a relatively
pristine or minimally impacted salt marsh. The processes and fluxes assessed here will
help shed light on the role of rainfall in material redistribution in highly productive
intertidal zone ecosystems. In particular, this study provides observations in metal
content response that occurred on the order of minutes. For instance, most studies on
sediment bound heavy metal release mechanisms were focused on the influence of fluid
shear on suspension over much longer time scales (e.g., Hirst and Aston, 1983; Eggleton
and Thomas, 2004). Therefore, future analyses of rainfall effects require high temporal
resolution sampling.
A striking facet of the data is the different time series characteristics that arise in
response to a single applied rainfall event (Figure 2.4). For example, some time series
show a response to fluctuations in discharge (e.g., Cr and Zn) and others do not (e.g., Fe
and Al). This non-conservative behavior suggests that different elements must primarily
reside in different components of the discharged particulate mater and therefore with the
source marsh sediment (i.e. complexes with organic matter vs. adsorption in oxides, or
surface processes), and/or have different bond strength with these components. We note
however, that the time series patterns are consistent or vary without a particular
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preference to elemental chemical affinity. For example, Cr (a lithophile element), has the
same time series pattern as Zn (chalcophile) and Ni, (siderophile), while Pb and Cu (both
chalcophiles) have different time series patterns (Figure 2.4). This suggests that the
observed times series patterns are not linked to the preferentially mobilization of a
particular mineral phase (e.g., sulfide, or Fe-oxy/hydroxide), but most likely represent
adsorbed elements to sediment mineral surface. The variability may arise from
differences in the stability of trace metal attachment to particulate matter, and perhaps the
alteration of metal stability by changes in physical and chemical processes associated
with rainfall-runoff. This implies that some metal release processes are multiphasic with
one set of processes possibly controlling early release and different sets controlling
longer term release (Forstner et al., 1989; Caetano et al., 2002; Eggleton and Thomas,
2004). For example, bioturbation, microbial processes and sediment oxidation can lead to
significant fluctuations in metal content by changing their binding form (Saulnier et al.,
2000; Simpson et al., 1998; Zoumis et al., 2001). Metals that appear to mimic this
behavior are Cr, Pb, Mn, Ni, Ag and Sn. They have low values in the first 4 minutes but
later Cu, Cr, Pb, Ni, and Ag have higher but highly variable values from 5-10 min; after
10 min they decreased rapidly. Mn and Sn had higher but variable values from 5-45 min.
Cd and Hg values decreased exponentially at the start of rainfall.
From the purely mechanical perspective, raindrop kinetic energy and impacts of
rain drops on sheetflow-sediment mixtures likely fractionate the sediment particles by
size and density. Moreover, fine-grained particles generally have a greater affinity for
metals relative to coarser particles because they have greater surface areas per unit weight
and are enriched in layered aluminosilicate minerals (e.g., clays) with a high specific
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surface (Olsen et al., 1982). Hence, fine particles are likely to contain more and different
metals, especially those which tend to be adsorbed inside crystal lattices (Duursma et al.,
1988). Therefore, peaks in metal content may show up at the beginning of rainfall due to
the transport of lower density or finer particles, followed by higher density and coarser
particles with less sorbed metal, perhaps causing the metal content to decrease with time
and giving rise to the “first-flush” effect. The “first-flush” refers to elevated
concentrations of material in the initial runoff relative to later times in a single storm, and
it is a common feature in terrestrial runoff. Here we report that the processes leading to
the “first-flush” effect occur in intertidal landscapes. For example, Cr, Zn, Mn, Pb, Ni,
Cu, As, Hg, and Cd all showed the highest content between 1-4 min, and then decreased
rapidly (Figure 2.4). Furthermore, these species all have much higher content at the
beginning than the bulk value, and later decreased to closer to the bulk values.
Consequently, bulk content, which is generally taken as a grab sample from the upper 1-6
cm of sediment (Environmental Protection Agency (USA) 2001) is not suitably
representative of the heavy metal content of readily mobile fraction of salt marsh
sediment.
Of course, the range of processes affecting the temporal response of metal content
under the ambient field conditions of this experiment can be quite large, and a full
accounting of those processes will require substantially more experimental control than
conducted here. Nevertheless, our findings indicate that rainfall and runoff effects may be
an important component of estuarine material cycling. For example, studies have shown
that metal accumulation in the field is highly variable in time, and space (e.g., Birch et
al., 2001). Typically, inundation time, sediment supply, and hydrodynamics have been
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used to characterize that variability, and to a certain extent the properties of the newly
delivered sediment. We contend that rainfall-runoff, and “first-flush” processes likely
accounts for some of that variability.
Overall this study shows that the physical action of rainfall-runoff processes
mobilize highly cohesive sediment that likely is not mobilized by ambient water currents.
These processes reworked, on average, the upper 0.02 mm min-1 of surface sediment, or
~2 tons km-2 per minute of rainfall. Mobilization led to the fractionation of sediment,
giving rise to an apparent “first-flush” response in heavy metals. Mobile particulate
material consistently had higher metal content than the bulk sediment from which it
came. Combined with observations of Torres et al. (2004) this study shows that low tide
rainfall events entrain sediment that is enriched in both nutrients and heavy metals.
One can glean more insight into rainfall effects by evaluating metal content in the
context of ecological significance. For example, Long et al. (1995) identified harmful
levels for a range of metals and characterized them as “effects range low” (ERL) and
“effects range median” (ERM). ERL and ERM refer to metal contents where harmful
effects to biota can be expected, or almost always occur, respectively. Table 2.1 shows
that for the first 10 minutes of rainfall five of nine problem metals identified by Long et
al. (1995) consistently exceed the ERL. Moreover, in the case of Hg the oven drying of
the sediment likely volatilized some fraction of Hg, perhaps leaving minimum Hg
contents in the samples. Hence, low tide rainfall events help cycle intertidal zone material
that may have otherwise gone into long term storage. Moreover, they transport nutrient
rich particulate matter (Torres et al., 2003) that is also loaded with heavy metals. Low
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tide rainfall events therefore can give rise to a non-point source of highly nutritious but
contaminated particulate matter to the subtidal water column.
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Table 2.1 Data are reported as 0-10 min content averages, minimum detected limit
(MDL), analytical standard error (SE), Effects Range Low and Median (ERL, ERM) for
estuarine sediment (after Long et al. 1995), and estimated minimum and maximum
annual loadings in the subtidal channels. Red values exceed the ERL.

Metal

0-10 min avg
(µg g-1) ±sd

MDL (µg
g-1)

Analytical
SE

ERL, µg
g-1

ERM, µg
g-1

Min.
Flux (kg
yr-1)

Max.
Flux (kg
yr-1)

As

25.01 ±0.53

0.952

0.47

8.2

70

2.4

4.2

Cd

0.23 ±0.11

0.1

0.01

1.2

9.6

0.023

0.04

Cr

93.10 ±14.71

1.671

1.54

81

370

9

16

Cu

46.90 ±9.81

6.367

0.65

34

270

4.3

7.6

Pb

31.25 ±3.46

0.529

0.68

46.7

218

3

5.3

Hg

0.19 ±0.03

0.003

0.01

0.15

0.71

0.018

0.032

Ni

36.25 ± 6.92

1.142

0.49

20.9

51.6

3.5

6.2

Ag

0.30 ±0.06

0.279

0.01

1

3.7

0.028

0.05

Zn

133.33 ±24.81

16.266

2.86

150

410

12.6

22
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Figure 2.1 Low tide rainfall event, North Inlet, South Carolina. Green is Spartina
alterniflora. Intertidal creek with oyster reef and exposed banks.
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Figure 2.2 The hydrograph of plot discharge in response to rainfall on the left axis and
time series of sediment concentration (SC) on the right axis.
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Figure 2.3 Box and whisker plot of all metal contents, including total organic carbon
(TOC) and total nitrogen (TN) from Torres et al. (2003).
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Figure 2.4 Time series of each metal. Red horizontal lines indicate the
bulk metal content of background sediment. The curved lines are power
function fits, Ag, Al and Fe have linear fits. Note the different range on
each y-axis. All metals are in µg g-1 except Fe and Al are weight
percent. The plots are grouped as Chalcophiles: Cu, Zn, As, Ag, Cd, Sn,
Se, Hg, Tl, Pb; Lithophiles: Cr, Al; Siderophiles: Mn, Fe, Ni.
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CHAPTER 3
THE ROLE OF SALT MARSH STRUCTURE IN THE DISTRIBUTION OF SURFACE
SEDIMENTARY ORGANIC MATTER
3.1 ABSTRACT
This study examines an overlooked component of biogeochemical studies in intertidal
zones: effect of salt marsh structure on the distribution of sedimentary organic matter
(OM). A total of 25 surface sediment samples were analyzed from two transects across a
salt marsh island; one traverses relatively old marsh and the other a mix of old and new
marsh. We use elevation and distance to channel head as geomorphic proxies and
associate them with the abundances (carbon, nitrogen) and the isotopic/molecular
compositions of organic constituents (i.e. lignin). Statistically significant linear
correlations were observed between elevation and distance with OM content. However,
the trend was positive for old marsh and negative for new marsh. Also, opposing trends
were observed in OM provenance with old marsh samples having greater contributions
from marine algae or allochthonous OM and new marsh having a predominantly
degraded Spartina alterniflora or autochthonous OM signature. Together these data
reveal two scales of variability, one at ~101 m and the other at ~103 m. We ascribe the
opposing trends in OM content and the different scales of variability to the effects of an
apparent additional source of nutrients to the new marsh. How the observed spatial
variability translates to spatial variability in organic carbon preservation in modern
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sediment remains a poorly quantified element of salt marsh systems, and carbon
sequestration estimates in particular.
3.1 INTRODUCTION
Analyses of surface sediment continue to be an important facet of intertidal zone
research. For instance, surface sediment is analyzed to shed light on the interface between
aquatic and benthic systems during high tide (Soto-Jimenez et al., 2003; Choe et al.,
2004; Caetano et al., 2012; Beck and Brumsack, 2012; Guédron et al., 2012), but during
low tide it serves as the centimeter-scale link between the atmosphere and the nearsurface anaerobic zone (Steudler and Peterson, 1984; Cai et al., 1999; Deborde et al.,
2010). Also, surface sediment is typically evaluated to assess the interactions with both
benthic organism activity (Botto and Iribarne, 2000; Gribsholt et al., 2003; Kon et al.,
2012) and algae production (Graf et al., 1982; Tolhurst et al., 2008b), the levels of
pollution (e.g. Williams et al., 1994; Hwang et al., 2006; Bai et al., 2012) as well as the
composition of newly accreted material (Leonard et al., 2002; Yang et al., 2008; Kolditz
et al., 2012). At the same time surface sediment is most susceptible to mobilization and
redistribution by tidal currents or low tide rainfall (Mwamba and Torres, 2002; Tolhurst
et al., 2008a; Chen et al., 2012). Moreover, at larger temporal and spatial scales the
intertidal sedimentary surface may have a range of organic carbon sources (Canuel et al.,
1997; Goñi and Thomas, 2000; Zhou et al., 2006; Gebrehiwet et al., 2008; Gao et al.,
2012), and in salt marshes the surface is the location of active or modern carbon
sequestration processes. Hence, spatial variability in salt marsh surface sediment has a
poorly quantified effect on salt marsh biogeochemical processes, including the
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assessment of blue carbon storage (e.g. Chmura et al., 2003; McLeod et al., 2011;
Hopkinson et al., 2012).
Salt marshes are highly productive ecosystems found in temperate zones, mainly
occupied by halophytic vegetation and they are subject to recurrent tidal flooding under
low energy hydrodynamic conditions. Although the salt marsh landscape has very subtle
topographic relief, and in some cases a relatively uniform vegetation species composition
the overall geomorphic structure is rather complex and includes broad platforms,
expansive tidal creek networks that lack typical flow divides, highly variable drainage
density, discontinuous levees and low points, and all surrounded by actively meandering
subtidal channels (Fagherazzi et al., 1999; Novakowski et al., 2004; Chassereau et al.,
2011).
These geomorphic features collectively influence a range of biological and
physical processes and the distribution of particulate matter. For example, distance to
subtidal channel and salt marsh elevation have been shown to exert the greatest effect on
net sediment accumulation (e.g. Temmerman et al., 2003; van Proosdij et al., 2006).
Also, there is a dynamic feedback between elevation and primary productivity in salt
marsh vegetation (Morris et al., 2002). Further, these geomorphic properties influence the
surface sedimentary organic matter (OM) distribution in intertidal landscapes. For
example, inundation time varies with elevation and directly affects particle settling time,
pH, water contents and oxic status in surface sediment, and therefore influences
sedimentary OM content (Reese and Moorhead, 1996; Shaffer and Ernst, 1999; Bai et al.,
2005; Spohn and Giani, 2012). Also, vegetation density is positively correlated with OM
content such as total lignin phenols in surface sediment (Saunders et al., 2006), leading to
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a correlation between elevation and OM content. On the other hand, distance to the
channel has been reported to influence sedimentary OM content in both salt marshes
(Leonard et al., 2002; LeMay, 2007) and freshwater wetlands (Todd et al., 2010;
Cierjacks et al., 2011). Moreover, Burke et al. (2009) and Zehetner et al. (2009) showed a
soil age effect on OM in freshwater wetlands.
Given the importance of surface sedimentary physical and biological processes to
assessment of a range of salt marsh system components it is imperative that careful
consideration be assigned to the sediment sampling design. For instance, one important
motivation for this work is posed through the question: What scientific criteria should be
used to guide the sampling of surface sediment in the intertidal zone? Hence, the purpose
of this study is to characterize the spatial variability of organic carbon content and
composition along two transects crossing an intertidal salt marsh island. We evaluate
observed spatial variability in the context of geomorphic structure and relative salt marsh
age.
3.2 SITE DESCRIPTION
The study site is in North Inlet salt marsh, Georgetown, South Carolina, USA (Figure
3.1a). North Inlet is a relatively pristine, bar-built tidal estuary with temperate to
subtropical climate of moderate precipitation (∼1500 mm yr-1). The study area has 75
km2 of terrestrial forested watershed and 34 km2 of salt marsh, tidal creeks, oyster reefs
and mudflats. The tides are semidiurnal with ~1.5 m mean tidal range. Modern barrier
islands bound the east side of the basin; the western boundary is delimited by low relief,
forested, beach ridge terrain. The marsh evolved under a regime of slowly rising sea level
during the late Holocene (Gardner et al., 1992; Gardner and Porter, 2001). Meanwhile,
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some low-lying areas (swales) between beach ridges are partially filled with marsh mud
at a rate of about 0.2 cm yr-1 (Sharma et al., 1987) with 15-20% organic matter (Gardner
and Kitchens, 1978; Vogel et al., 1996). The organic matter in North Inlet is derived from
a variety of autochthonous and allochthonous sources that include marsh vegetation and
algae, coastal phytoplankton and land-derived OM (Goñi and Thomas, 2000).
Samples were taken from a salt marsh island, Maddieanna Island (33º19'N, 79
º53'W), hereafter referred to as “MI” (Figure 3.1). The north to south distance of MI is
about 1 km while from west to east it varies from 0.2-0.4 km. MI is bound to the north
and west by a 55-75 m wide subtidal channel that is directly connected to an inlet, North
Inlet, ~7 km to the east. The same channel is also open to Winyah Bay, a river dominated
estuary 3 km to the south (Figure 3.1a). MI is fully intertidal meaning there is no direct
surface connection to terrestrial uplands, and it has a mono-culture of Spartina
alterniflora (S. alterniflora). The highest elevation on MI is 0.78 m (all elevations
referenced to NAVD88) on a levee along the east side of the island, and the lowest is 1.36 m on a creek bed. 29% of the island surface is made of levee (elevation ranges of
0.32-0.78 m), 63% is vegetated marsh platform (elevation 0.00-0.32 m), and 8% is
unvegetated intertidal creeks and surface depressions (elevation -1.36-0.00 m)
(Chassereau et al., 2011). There are twenty-four intertidal creeks on MI. Three of them
have creek mouths open to the subtidal channel to the east, and of those two are much
smaller and have a negligible surface expression relative to the third (Creek #24, Figure
3.1b). On the other hand, to the west there are twenty-one creeks open to the subtidal
channel. Hence, the higher drainage density and lower levees facilitate the transfer of
particulate matter from Winyah Bay to the marsh interior. Further, the channel has been
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identified as a mixing zone for coastal ocean water from the north and Winyah Bay water
from the south (Traynum and Styles, 2007, Figure 3.1).
Samples were collected along two transects 800 m apart on either side of the
mixing zone (Figure 3.1b). The North Transect, hereafter referred to as “NT” is 118 m
long and 23 samples were collected at regular (~ 5m) intervals. The South Transect or
“ST” is 338 m long and 28 regularly-spaced (~12 m) samples were collected. Based on
historical photographs Chen and Torres (2012) showed that ST traverses marsh with
recent geomorphic changes (Figure 3.2) while NT crosses a section of relatively stable
marsh. For example, the southwest portion of ST is made of newly accreted salt marsh
that is no more than 50-60 years old while the rest of ST and all of NT has undergone
little change and is considered relatively old marsh (Figure 3.2). From 1950 to 2003,
~8500 m2 of new marsh developed in the western portion of ST as a result of at least 1.5
m (tidal range) of vertical accretion. The old marsh shows negligible change, and based
on accumulation rate of Morris et al. (2002) it accreted 0.1 m of sediment over the same
interval. Following Chen and Torres (2012), we divided ST into three groups to
investigate the effects of relative age on OM characteristics. From west to east they are
the new marsh group (NMG), the middle group (MG) and the old marsh group (OMG)
(Figure 3.1b). NT and OMG had little topographic change and therefore they are
considered old marsh; NMG is newly developed and considered new marsh. MG might
have faster accumulation rate since it traverses a creek which was in-filled recently and
we define it as new marsh.
3.3 METHODS
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Surface sediment samples were collected along NT and ST (Figure 3.1b). The upper 1-2
cm of sediment was collected using a plastic spatula carefully to exclude bird dropping,
shell material, and plant fragments. All samples were put into plastic bags and frozen at 20˚C within 12 hours. Coordinates and elevations of samples were measured using a real
time kinematic Global Positioning System (GPS) total station with Trimble 5700 dual
frequency receivers and referenced to NAVD88 with ±0.02 m vertical and lateral
accuracies. We used these data and a digital elevation model (Figure 3.1b) to determine
distance along each transect (D), distance to the head of the nearest first order creek (d)
and elevation (z) for each sample. We plotted sediment and OM content and composition
relative to D and then explored the relationships with d and z with respect to OM
distribution. Tidal creek heads #7 and #16 are the closest to NT and ST, respectively and
are taken to be the main sources of water and sediment for each transect (Figure 3.1b). In
this context, d allows us to investigate how sedimentary OM content and composition
vary as a function of location relative to particle sources, herein presented as the straightline distance to the head of the nearest first order creek. On the other hand, z is directly
related to inundation frequency/period and we use it to investigate its effect on OM
content/composition.
Particle size distributions were acquired using Beckman Coulter LS 100Q particle
size analyzer on ~3 g of wet sub-sample, and it gave distributions for particle diameters
of 0.37 µm to 864 µm. Fine particles less than 63 µm are reported as percent fines by
volume (Walling and Moorehead, 1987). We analyzed OM characteristics of alternate
samples along each transect. For bulk organic carbon (OC) and total nitrogen (N)
analyses 10-gram subsamples of wet sediment were put in pre-cleaned ceramic bowls and
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dried at 55˚C. The dried sample was ground into fine powder and placed into desiccators
with 0.5 mol of HCl vapor for 12 hours to remove inorganic carbon (acidification)
(Hedges and Stern, 1984). OC and N contents were measured by high-temperature
combustion on a Thermo Quest EA2500 Elemental Analyzer. The standard error of each
measurement was determined by replicate analysis and these data show the average
analytical error was 0.68% and 0.03% of the measured %OC and %TN value,
respectively. The stable carbon and nitrogen isotopic compositions (δ13C and δ15N) were
measured after the removal of inorganic carbonates with 10% HCl, using hightemperature combustion coupled with isotope ratio mass spectrometry, and data are
reported in the standard delta notation ( in ‰) relative to Pee Dee Belemnite and air
standards. Several commercially available standard materials were analyzed daily to
calibrate the response of the mass spectrometer over a range of concentrations. The
accuracy and reproducibility of the instrument were evaluated daily and used to assess
the overall precision, which was always better than ± 0.3‰.
Alkaline CuO oxidations were performed to measure the yields of lignin- and
nonlignin-derived products using a microwave digestion system (Goñi and Montgomery,
2000). Alkaline CuO oxidations were carried out on powered samples with oxygenpurged 2 M NaOH under 150 °C for 1.5 h using a microwave digestion system. After the
oxidation, known amounts of recovery standards (ethyl vanillin and transcinnamic acid)
were added and the solution was acidified to pH 1 with concentrated HCl. Samples were
then extracted twice with ethyl acetate. Extracts were evaporated to dryness under a
stream of N2. The CuO reaction products were redissolved in pyridine and derivatized
with bis trimethylsilyl trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane (TMCS)
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to silylate exchangeable hydrogens prior to analysis by gas chromatography-mass
spectrometry (GC-MS). The yields of individual lignin and nonlignin oxidation products
were quantified by GC-MS using selective ion monitoring. The compounds were
separated by chromatography in a 30 m × 250 um DB1 (0.25 um film thickness) capillary
GC column using an initial temperature of 100°C, a temperature ramp of 4 °C/min and a
final temperature of 300°C. The MS was run in electron impact mode, monitoring
positive ions from a range of 50-650 amu. External calibration standards were determined
for individual compounds using ions specific to each chemical structure. Calibrations
were performed on a regular basis to test the response of the GC-MS and were linear (r2 >
0.96) over the concentration ranges. Five samples from each transect were analyzed in
replicate to determine the precision of individual compound yields which on average was
±10% of the measured value.
Following the CuO microwave oxidation process, we quantified lignin-derived
compounds, including vanillyl (VP = Vanillin + Acetovanillone + Vanillic acid), syringyl
(SP = Syringealdehyde + Acetosyringone + Syringic acid), cinnmamyl (CP = p-Coumatic
acid + Ferulic acid) phenols. All of these compounds were characteristically recovered
from the alkaline oxidation of lignin, a phenolic macromolecule that is uniquely
synthesized by vascular land plants (e.g. Hedges and Mann 1979; Goñi and Thomas
2000). We report the yields of total lignin phenols (VP+SP+CP) in units of milligram
phenols per gram sediment (∑Lig: mg/g sed) and as carbon normalized concentrations in
units of milligram per 100 mg OC (Λ: mg/100mg OC).
Pearson correlation analyses were performed using the software package SPSS®
16.0 by IBM to identify correlations between two variables. We report p as the

42

significance of the correlation, r2 as the coefficient of determination ranging from 0 (no
linear relationship) to 1 (perfect linear relationship). t test was performed between groups
of data to determine whether the values of two groups have statistically significant
differences. We set p = 0.05 meaning that if p < 0.05, the tests have statistical
significance with 95% confidence while if p ≥ 0.05, there is no statistical significance.
Box-whisker plots were used to determine whether significant differences existed
between sites. In these types of plots, the caps at the end of each box indicate the minima
and maxima, the box is defined by the lower and upper quartiles and the line in the center
of the box is the median. If boxes between two groups do not overlap there is a
statistically significant difference between them.
3.4 RESULTS
3.4.1 Sediment Composition and Organic Matter Content
The compositional parameters, including the percent of fine-grained (< 63 m) sediment
(%fine), weight percent of organic carbon and total nitrogen (%OC and %N,
respectively), total lignin phenol contents (Lig) in sediments, and elevation were shown
in Figure 3.3. The west edge of NT was not sampled and so the transect started near the
head of Creek #7 at the lowest elevation of 0.14 m and increased steadily from 0.15 m to
0.45 m at its eastern edge on the levee (Figure 3.1b). ST traverses the entire island and so
the elevation decreased from 0.4 m at the western end to 0.14 m near the head of Creek
#16. Eastward, elevation increased to 0.33 m to the eastern levee. As illustrated on these
profiles, all of NT and the eastern-most section of ST were made up of old marsh. In
contrast, the marsh along ST located to the west of the creek head was new marsh that
formed over the last 50-60 years (Figure 3.2).
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Grain-size measurements revealed that fine particles made up over 50% of the
sediment along both transects (Figure 3.3c, d). In NT, the %fines reached a maximum of
82% at ~40 m from the western edge, decreasing to 51% at its eastward edge. In contrast,
along ST %fines started at 64% at the western edge and increased steadily to > 80% at
the eastern end. The contrasting trends in the texture of surface sediment suggest that
there may be differences in the sources or transport processes of particulates both
amongst and between transects.
Organic carbon contents along NT ranged from 5.11wt.% at its western edge to
1.56 wt.% at its eastern end, displaying a steady west-to-east decrease (Figure 3.3c).
Sediments from ST also displayed a west-to-east decrease in %OC, albeit the overall
contents were much higher, ranging from 9.38 wt.% at its western end to 4.69 wt.% at its
eastern edge (Figure 3.3d). Nitrogen and lignin contents displayed similar trends along
both transects (Figure 3.3e, f). For example, in NT %N decreased from 0.43 wt.% at the
western edge to < 0.2 wt.% at the eastern most location on the levee. Lignin contents
(Lig) also dropped markedly along NT, from 4.21 mg/g sed at the western edge to 1.7
mg/g sed on the eastern levee. Both %N and Lig showed steady west-to-east decreases
along ST, although as was the case for %OC the absolute values (0.6 wt.% < %N < 0.3
wt.%; 6 mg/g sed < Lig 3 mg/g sed) were considerably higher than NT.
To better understand the spatial pattern, the two geomorphic proxies of distance to
nearest creek head (d) and elevation (z) were used to evaluate variations in OM content
(Figure 3.4, Table 3.1). Because d represents distance to particle and nutrient sources and
z is a proxy of inundation frequency these two variables are related to trends in particle
properties, particle settlement process and the overall oxidative status of surface
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sediments all of which can influence sediment composition and OM content. With this in
mind, we observed that samples closest to creek heads (d is around 20 m to 40 m) display
similar %OC, %N and Lig values (~ 5%, 0.45%, and 4 mg/g sed, respectively). As d
increased, sediments from new marsh (Middle group and New marsh group of ST)
displayed higher %OC, %N and Lig values and the increasing trends are statistically
significantly linear (p<0.05) with r2 of 0.63, 0.48 and 0.61, respectively (Table 3.1).
Conversely, samples from old marsh (NT and OMG of ST) showed linear (p<0.05)
decrease as d increasing (Figure 3.4a, c, e) with r2 of 0.70 in %OC, 0.79 in %N and 0.63
in Lig (Table 3.1).
In terms of trends with elevation-z, sediment from lower elevations (z of 0.15 m to
0.2 m) displayed relatively uniform %OC, %N and Lig values (~5%, ~0.45%, 4 mg/g sed,
respectively). As elevation increased, samples from new marsh and old marsh had linear
but opposing trends. New marsh samples showed linear (p<0.05) increase in %OC
(r2=0.82), %N (r2=0.88) and Lig (r2=0.46) with z while old marsh samples showed linear
(p<0.05) decrease in %OC (r2=0.50), %N (r2=0.50) and Lig (r2=0.49) with z (Table 3.1).
The significance of this apparent dichotomy of OM content trends with elevation will be
highlighted in the discussion section.
Our results indicate that across a single continuous intertidal island surface there
are significant contrasts in the abundance of organic constituents. To illustrate this point,
we calculated and compared the average sediment compositions for the different marsh
groups, including old marsh along NT, OMG in ST, MG and NMG in ST (Table 3.2).
Clearly, %OC, %N and Lig were significantly higher in NT than ST. Among the three
groups in ST, %OC, %N and Lig showed comparable values between MG and NMG,
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while the values in OMG were significantly lower. To further investigate the difference
between new and old marsh we compared them through box-whisker plots (Figure 3.5).
The results showed that %OC, %N and Lig were significantly higher in new marsh than
old marsh, however, %fines showed no difference. This observation contrasts with
previous studies that show finer-textured sediments typically contain higher OM content
(e.g. Nordstrom, 1992; Hedges and Keil, 1995). Furthermore, these concentration ranges
were comparable to OC, N and lignin contents reported for other salt marsh sediments
(e.g. Wilson et al., 1985; Cifuentes, 1988; Louchouarn et al., 1997; Middelburg et al.,
1997; Boschker et al., 1999; Wang et al., 2003; Zhou et al., 2006; Kang et al., 2007;
Hunsinger et al., 2010).
In summary, these analyses indicate that surface sediments from new marsh
appear to be enriched in bulk organic matter (both carbon and nitrogen) as well as in
lignin phenols derived from vascular plants (e.g. S. alterniflora). Also, OM contents vary
linearly with distance from source and elevation, and the linear trends are opposite
between old and new marsh. OM contents in old marsh decrease with distance to source
and elevation, while in new marsh they increase.
3.4.2 Organic Matter Compositions
To investigate how OM composition varied along the two transects that displayed marked
contrast in overall OM content we used a variety of compositional parameters including
the molar carbon:nitrogen ratios of organic matter (OC:N) and its stable carbon and
nitrogen signatures (δ13C, δ15N) (Figure 3.6). The variability in these was much less
pronounced than the variability observed in OM content parameters. For example, OC:N
values remained relatively constant (~14) along NT (Figure 3.6a) whereas in ST they
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ranged from 19 to 14 with a tendency towards lower values in the east part of the transect
(Figure 3.6b). δ13C compositions showed small east-to-west variation along both
transects (Figure 3.6a, b). In NT, δ13C decreased slightly from -18.6‰ to -19.6‰
whereas in ST δ13C decreased from -17.6‰ to -19.0‰. The variations in δ15N were also
subtle. Along NT δ15N increased from 3.3‰ to 4.3‰ while along ST, except for the
samples at both ends of the transect (δ15N of 4.4‰ ), δ15N values stayed relatively
constant around 3.4‰ (Figure 3.6c, d).
In addition we used the carbon-normalized yields of lignin phenols (Λ, mg/100mg
OC) and ratios of the main phenol groups (SP:VP and CP:VP) to explore the
contributions of vascular plant to the overall OM in surface sediments (Figure 3.6c, d, e,
f). For the most part Λ values were relatively constant and failed to show clear spatial
patterns. Along NT Λ ranged from 5 to 8 mg/100mg OC whereas for ST the range was
from 6 to 10 mg/100 mg OC (Figure 3.6 c and d). The variation in lignin ratios were also
small along the two transects. SP:VP and CP:VP covaried along NT ranging from 0.8 to
1.2 and from 0.2 to 0.6, respectively (Figure 3.6e). Along ST, SP:VP and CP:VP showed
a small east-to-west increase, with values ranging from 0.8 to 1.2 and from 0.2 to 0.6,
respectively. These results indicated that unlike other parameters lignin compositions did
not differ significantly between or within transects; suggesting a fairly uniform
contribution of vascular plant materials to the OM in marsh sediment throughout the
study area.
Furthermore, we used d and z to evaluate variations in OM compositions (Figure
3.7). No significant differences were observed between old and new marshes in OM
compositions. Also, there were no statistically significant correlations of OM
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compositions with d and z. These observations likely indicate that the OM compositions
were less influenced by elevation and distance to sources, which is different from OM
content and particle size.
In addition to the variation along transects there were significant contrasts in the
composition of sedimentary OM among the different groups. Our results show that OC:N
and δ13C were lower in NT than ST, δ15N was higher in NT than ST, and lignin phenols
abundance and ratios were not significantly different between NT and ST (Table 3.3).
There were no statistical differences in lignin phenol and δ15N compositions among the
three marsh groups along ST. However, OMG sediments were differentiated from those
along MG and NMG by significantly lower OC:N and δ13C values. A comparison of new
marsh samples (MG and NMG in ST) and old marsh samples (NT and OMG in ST)
revealed no significant differences in Λ, SP:VP, CP:VP, and δ15N while OC:N and δ13C
were higher in new marsh than old marsh. Overall, the various marsh groups exhibited
significant contrast in OM content and some differences in OM composition indicative of
contrast in the contributions of different sources.
3.5 DISCUSSION
Although our samples were from one small intertidal island with a single vegetation
species, we observed significant spatial variability in OM contents and in some of the
OM compositions. This implies that physical and biological processes likely control the
distribution of sedimentary organic matter characteristics at the small spatial scales
examined here. Overall, the data reveal two key variations in OM characteristics. One is
associated with the statistically significant differences between old and new marsh
samples (Figure 3.5). This variation occurs over 102 m to 103 m, the approximate distance
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between old marsh (NT and old marsh groups in ST) and new marsh (middle marsh
group and new marsh in ST). We hypothesize that additional nutrient input from Winyah
Bay alters the S. alterniflora primary production in the new marsh, leading to the higher
OM abundance and contrasting trends between new and old marsh. Another scale of
variation occurs on the order of 101 m along transects, and is likely associated with
geomorphic factors such as distance to source (d) and elevation (z). For example, OM
contents are linearly correlated with d and z (Figure 3.4). These findings are consistent
with previous studies (e.g. Reese and Moorhead, 1996; Leonard et al., 2002, Cierjacks et
al., 2011).
3.5.1 Effect of distance to sources, elevation, and relative ages on the variation in OM
characteristics
We used distance to source d, and elevation z as proxies for geomorphic structure in order
to investigate the influences of geomorphology on OM distribution. Inundation time
varies with z and directly affects particle settling time, soil pH, soil water contents and
oxic status, and therefore indirectly influences sedimentary OM content (Reese and
Moorhead, 1996; Shaffer and Ernst, 1999; Bai et al., 2005; Spohn and Giani, 2012). In
our study the effect of particle settling time leads to the negative correlation
between %fines and z in NT (Figure 3.3c), and further resulting in the observed negative
correlations between OM contents and z (Figure 3.4b, d, f) since fine particles are
typically rich in OM (e.g. Nordstrom, 1992; Hedges and Keil, 1995).
In addition to the physical effects, z has a direct impact on marsh vegetation and
hence on organic matter accumulation (Morris et al., 2002; Mudd, 2011). For both
transects, elevation varies from 0.14 m to 0.47 m and it is higher than the optimal growth
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elevation of 0.12 m reported by Morris et al. (2002). Thus the vegetation density can be
expected to decrease for this elevation range. Meanwhile, Saunders et al. (2006) found
that stem density is positively correlated with total lignin phenols in surface soil.
Therefore, the negative correlations between %OC, %N, ∑Lig and z in old marsh (Figure
3.4b, d, f) are likely caused by the combined influence of vegetation density and
elevation.
A noteworthy observation is that the spatial variation of OM content with
elevation is opposite between new and old marsh. For example, OM contents decrease
with z in old marsh while in new marsh they increase (Figure 3.4). As reported above,
primary production of S. alterniflora decreases with increasing elevation above 0.10 m
(Morris et al., 2002). Hence the negative correlations between %OC, %N, ∑Lig and z in
old marsh are likely the result of differences in vegetation density and elevation (Figure
3.8, black curve). On the other hand, new marsh has %OC, %N and ∑Lig increasing with
elevation (Figure 3.4b, d, f). To explain these divergent trends we note that there are two
significant differences between old and new marsh. First, the new marsh is a relatively
unstable or dynamic part of the system where sediment accretion rate has to be much
higher than old marsh to facilitate the transition from tidal flat to salt marsh (Figure 3.2).
Second, the dynamic new marsh receives additional river input of nutrients (Buzzelli et
al., 2004) that likely does not reach NT (Traynum and Styles, 2007). These nutrients
fertilize the vegetation in new marsh and give rise to enhanced aboveground S.
alterniflora biomass production and corresponding sediment accretion rate (Morris, 2000;
Morris et al., 2002; Morris, 2007; Mudd et al., 2009). This is consistent with our
observation that the new marsh areas had stems of S. alterniflora that were over 2 m high.

50

These findings lead us to propose that the conceptual model of Morris et al. (2002) be
revised to account for spatial variability in OM distribution by assigning two or more
production vs. elevation curves for a given salt marsh landscape. In the Morris (2007)
model the association between primary production and elevation was described as:
Bi=aiD+biD2+ci where Bi is the aboveground biomass production, D is the depth of the
marsh surface below Mean High Water and ai, bi, ci are coefficients. He suggested that
the values of the coefficients a, b, and c will differ as a function of tidal range, salinity,
climate, duration of flooding and hypoxia, salt stress, desiccation, nutrients supply, or
competitive pressure from other species, and hence the elevation range, the elevation
intercept, and the production maximum will change. We hypothesize that the new marsh
must have a wider unstable elevation range, and an increase in the peak production rate in
order for the new marsh to develop an equilibrium between sea level rise and net
accretion (Figure 3.8). Hence, for the new marsh this means that bi and ci must both
increase and it appears that the positive linear correlations between %OC, %N, ∑Lig and
elevation in new marsh (Figure 3.4b, 4d, 4f) are caused by a higher primary production
over a greater elevation range (red curve in box of Figure 3.8).
In this study we observed decreasing OM contents with d in old marsh such as NT
and OMG, while new marsh data from MG and NMG show increasing trends (Figure
3.4a, c, e). These linear correlations were consistent with previous studies (Leonard et al.,
202; LeMay, 2007; Todd et al., 2010; Cierjacks et al., 2011). However, these trends are
not as statistically robust as the trends between OM contents and elevation (Table 3.1).
Hence, factors associated with distance to source likely affect OM contents but they are
much less important than factors and processes related to elevation.
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3.5.2 The origins and provenance of organic matter
We examined several OM compositional parameters that provided information on the
sources of salt marsh sedimentary OM in order to explore how the contrasts in
geomorphology influence OM origins and provenance. In particular, δ13C signatures can
be combined with the N:OC atomic ratio (Figure 3.9a), δ15N (Figure 3.9b) and carbon
normalized lignin yields (Λ mg/100 mg OC; Figure 3.9c) to graphically discriminate
types of OM using the known ranges of plausible sources such as marine algae, degraded
S. alterniflora, C3 land plants and river and estuarine algae (e.g. Fry and Sherr, 1984;
Hedges et al., 1988; Goñi and Hedges, 1995; Goñi and Thomas, 2000). These
applications in geochemical samples are semi-quantitative because of the changes during
diagenesis (e.g. the preferential degradation of nitrogen and the incorporation of nitrogen
during humification). Nevertheless, these types of plots can provide valuable insight into
the nature and provenance of OM (e.g. Goñi et al., 2006, 2008).
Based on all three plots it appears the composition of OM in all transects can be
attributed to variable contributions from marine algae, C3 land plants and degraded S.
alterniflora (Figure 3.9). The fact that all marsh samples are significantly more enriched
in 13C (average δ13C is ~ -19‰) than the typical values of C3 land plants indicates that
the sedimentary OM in our samples is primarily a mixture of S. alterniflora and marine
algae derived carbon, with only minor contribution from C3 land plants. Based on their
statistically depleted δ13C signatures and higher N:OC ratios, the old marsh samples have
higher contributions from the marine algal source than those from the new marsh whereas
the new marsh has higher contributions from S. alterniflora. We suggest that the marine
algal carbon is imported through surrounding tidal creeks, and it represents an
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allochthonous source while S. alterniflora derived carbon is likely produced in situ and
thus represents an autochthonous source. The elevated contributions of S. alterniflora
derived OM in new marsh samples likely reflect the increasing S. alterniflora production
at this site because of the additional nutrient input from Winyah Bay (after Morris, 2000;
Morris et al., 2002; Morris, 2007).
In sum, the effects of d and z on OM content give rise to robust linear correlations
that can be explained by vegetation pattern and presumed settling time effects. δ13C,
N:OC atomic ratio and carbon normalized lignin yields show definite contrasts in OM
sources and origins between old and new marsh. The old marsh had greater contributions
from marine algae or allochthonous OM while the new marsh OM had a predominantly
degraded S. alterniflora, or autochthonous OM signature. We hypothesize that the
presumably higher nutrient input at the new marsh causes a shift of primary production vs.
elevation curve, leading to the inverse trends of OM and elevation between old and new
marsh (Figure 3.8).
3.6 CONCLUSION
The purpose of this study was to examine the salt marsh surface sedimentary OM
characteristics in the context of geomorphic structure of a 0.5 km2 intertidal salt marsh
island. We found that elevation, distance to creek head and the relative age contribute to
variations in OM content and composition at spatial scales of tens to hundreds of meters.
On the other hand, OM contents of old marsh samples decrease linearly with elevation
and distance, while in the new marsh they increase linearly with elevation. Also, the
relative contributions of different sources of OM vary along a gradient related to salt
marsh age with new marsh sediment containing higher proportions of S. alterniflora-
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derived OM relative to old mash sediments with elevated contributions from marine OM
sources. The spatial contrast in OM content and composition likely reflects differences in
sediment and local nutrient input caused by distance to source, variations in marsh-plant
production by elevation and OM preservation due to differences in sediment
accumulation rate.
Taken together this work highlights a caveat in studying salt marsh
biogeochemical processes: spatial variability in OC content and composition. Two issues
deserve greater scrutiny: the geomorphic influence on 1) scales of variation, and 2)
sample location. In some studies it appears that sampling decisions may be less
influenced by scientific considerations versus ease of accessibility. Moreover, our
findings are not unique to North Inlet in that intertidal blue carbon sinks are dynamic
landscapes and can be expected to have comparable spatial variability in OM
characteristics as reported here. Therefore, we suggest that research in intertidal zones
sedimentary organic carbon sequestration, burial and storage should explicitly include the
effects of geomorphic structure and the different scales of spatial variability.
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Table 3.1 Slope, intercept, coefficient of determination (r2), and significant coefficient (p)
of the relationships between %OC, %N, ∑lig and d, and between %OC, %N, ∑lig and z in
old marsh samples and new marsh samples, respectively.

d

%OC

%N

∑lig

slope

-0.014

-0.001

-0.013

intercept

6.737

0.535

5.690

r2

0.63

0.48

0.61

p

0.000

0.004

0.001

slope

-7.724

-0.641

-7.761

intercept

6.099

0.513

5.098

r2

0.50

0.50

0.49

p

0.003

0.003

0.004

slope

0.018

0.001

0.011

intercept

4.819

0.364

4.476

r2

0.70

0.79

0.63

p

0.003

0.001

0.006

slope

21.627

1.044

10.003

intercept

1.786

0.220

3.316

r2

0.82

0.88

0.46

p

0.000

0.000

0.032

old marsh

z

d

new marsh

z
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Table 3.2 Ranges of d, z, %fine, %OC, %N, and ∑lig of all samples included, NT, ST,
three groups of ST: OMG, MG, and NMG. And T-test results of comparing NT and ST,
and comparing OMG, MG and NMG. In T-test results, “<” and “>” indicates statistically
significantly lower and higher, respectively. “≈” indicates no statistically significant
difference.

AllSampl
e

d

z

%fine

%OC

%N

∑lig

range

17.64-197.83

0.140.47

51.72-83.84

1.56-9.38

0.15-0.60

0.78-6.43

mean

100.27

0.26

68.25±8.59

5.06±1.81

0.41±0.10

4.00±1.67

range

17.64-134.16

0.140.47

14.00-25.53

1.56-5.25

0.15-0.46

0.78-4.21

mean

79.82

0.27

20.98±3.86

3.58±1.15

0.32±0.10

2.52±1.11

range

39.4-197.83

0.140.40

21.20-28.69

3.84-9.38

0.33-0.60

2.52-6.43

mean

113.90

0.25

23.75±1.83

6.02±1.46

0.46±0.07

4.93±1.24

NT≈ST

NT < ST

NT < ST

NT < ST

NT

ST

NT vs. ST

Ttest
range

88.75-158.56

0.220.41

75.22-83.84

3.84-5.05

0.33-0.47

2.52-4.32

mean

127.82

0.30

77.83

4.61±0.47

0.37±0.05

3.59±0.83

range

39.84-85.30

0.140.23

62.52-73.00

5.22-7.31

0.42-0.49

4.46-6.03

mean

58.25

0.19

68.43±4.52

6.04±0.85

0.45±0.03

5.03±0.64

range

111.58197.83

0.230.33

58.43-70.58

6.29-9.38

0.49-0.60

5.72-6.43

mean

155.63

0.26

63.96±4.34

7.41±1.26

0.50±0.05

6.17±0.33

OMG>MG≈NM
G

OMG<MG≈NM
G

OMG<MG≈NM
G

OMG<MG≈NM
G

OMG

MG

NMG

OMG vs.
MG vs.
NMG

Ttest
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Table 3.3 Ranges of OC:N, δ13C, δ15N, Λ, SP/VP, and CP/VP of all samples, NT
samples, ST samples, OMG samples, MG samples, and NMG samples. And t-test results
of comparing NT and ST, and comparing OMG, MG and NMG. In t-test results, “<” and
“>” indicates statistically significantly lower and higher, respectively. “≈” indicates no
statistically significant difference.

OC:N

δ13C

δ15N

Λ

SP/VP

CP/VP

12.12-18.98

(-19.93)-(-17.61)

2.97-4.40

5.03-10.23

0.67-1.32

0.22-0.64

14.96

-18.81

3.64±0.39

7.57±1.44

1.08±0.16

0.39±0.12

12.61-14.43

(-19.93)-(-18.31)

3.33-4.29

5.03-8.23

0.67-1.28

0.22-0.56

13.34±0.60

-19.27±0.46

3.84±0.28

6.53±1.18

1.10±0.16

0.40±0.09

12.12-18.98

(-19.46)-(-17.61)

2.97-4.40

6.16-10.23

0.84-1.32

0.23-0.64

16.03±1.68

-18.52±0.51

3.53±0.41

8.21±1.20

1.06±0.15

0.37±0.13

NT < ST

NT < ST

NT>ST

NT≈ST

NT≈ST

NT≈ST

12.12-15.21

(-19.18)-(-18.67)

3.48-4.40

6.16-8.68

0.88-1.32

0.39-0.64

14.34±1.26

(-18.91)±0.20

3.77±0.36

7.72±1.25

1.14±0.18

0.52±0.12

14.60-18.98

(-19.46)-(-18.00)

2.97-3.53

7.57-10.05

0.91-1.27

0.23-0.36

16.82±1.65

(-18.61)±0.54

3.24±0.24

8.38±0.97

1.08±0.15

0.30±0.06

16.45-17.57

(-18.32)-(-17.61)

3.26-4.38

6.85-10.23

0.87-1.05

0.27-0.38

17.25±1.16

(-18.04)±0.30

3.56±0.47

8.51±1.45

0.97±0.07

0.30±0.05

OMG<MG≈NM
G

OMG<MG≈NM
G

OMG≈MG≈NM
G

OMG≈MG≈NM
G

OMG≈MG≈NM
G

OMG≈MG≈NM
G

AllSample

NT

ST

NT vs. ST

OMG

MG

NMG

OMG vs.
MG vs.
NMG
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Figure 3.1 (a) Map of North Inlet salt marsh (Modified from Marshalonis and Pinckney
2007) showing two water sources: Winyah Bay and Coast. Mixing zone is located in the
red dashed box. Maddieanna Island was outlined. (b) Digital Elevation Model of
Maddieanna Island. “+” is surface sediment sampling location. The left panel shows the
expanded image of south transect. South transect is divided into three groups. From west
to east they are NMG, MG, and OMG. The line that separate NMG to MG is the new
marsh boundary and the dashed line that separate MG and OMG is creek that disappeared
over the past 50 years.
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Figure 3.2 Aerial photos of Maddieanna Island in 1950 (left) and 2003 (right). Both
photos were taken during the low tide. Yellow dashed line show the approximate
locations of north transect and south transect. Red line shows the outline of the island
where had changed significantly in the past 50 years while black line outlines the
insignificantly changed part of the island.
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Figure 3.3 The variation of elevation, fine particles (%fines), OC weight percentage
(OC%), nitrogen weight percentage (N%) and total lignin yield (∑lig) along North
Transect (a, c, e). The variation of elevation, fine particles (%fine), OC weight percentage
(OC%), nitrogen weight percentage (N%) and total lignin yield (∑lig) along South
Transect (b, d, f).
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Figure 3.4 The variations of %OC, %N, and ∑lig with distance from
source in four groups of samples (a, c, e). The variations of %OC,
%N, and ∑lig with elevation in four groups of samples (b, d, f). Four
groups: samples from north transect old marsh (dark squares);
samples from old marsh group in south transect (dark crosses);
samples from middle group in south transect (gray squares); samples
from new marsh group in south transect (gray triangles).
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Figure 3.5 Box-Whisker plots of %fine, %OC, %N, sediment normalized total lignin
yields (∑lig), OC:N atomic ratio, δ13C, δ15N, and carbon normalized total lignin yields
(Λ) of old marsh including samples from north transect and old marsh group of south
transect (bars on the left of each panel), and new marsh including samples from middle
group and new marsh group of south transect (bars on the right of each panel).
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Figure 3.6 The variation of elevation, OC:N, δ13C, δ15N, and the relative abundance of
lignin phenols in sedimentary organic carbon (Λ, mg/100 mg OC) along North Transect
(a, c, e). The variation of elevation, OC:N, δ13C, δ15N, and the relative abundance of
lignin phenols in sedimentary organic carbon (Λ, mg/100 mg OC) along South Transect
(b, d, f).
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Figure 3.7 The variations of OC:N, δ13C, δ15N, and Λ
with distance from source in four groups of samples (a, c,
e, g). The variations of OC:N, δ13C, δ15N, and Λ with
elevation in four groups of samples (b, d, f, h).
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Figure 3.8 Correlation between S. alterniflora aboveground biomass production and
elevation. Black curve is the correlation of aboveground biomass and elevation based on
Morris et al. (2002) for North Inlet salt marsh. Red curve and unstable range for new
marsh arrow represent the proposed scenario for unstable new marsh. Box circled the
elevation range as samples in this study.
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Figure 3.9 a) Graph of the stable isotopic compositions of OC and nitrogen to organic
carbon atomic ratio of four groups of samples. b) Graph of the stable isotopic
compositions of OC and the stable isotopic compositions of nitrogen of four groups of
samples. c) Graph of the stable isotopic compositions of OC and carbon-normalized
lignin phenol yields (Λ) of four groups of samples. The four groups are old marsh
samples of north transect (dark squares), old marsh samples of south transect (dark
crosses), middle marsh group samples of south transect (gray squares) and new marsh
group samples of south transect (gray triangles). The compositional ranges illustrated in
the plots are derived from previously published studies: Fry and Sherr, 1984; Hedges et
al., 1988; Goñi and Hedges, 1995; Goñi and Thomas, 2000. Data include ranges for:
degraded S. alterniflora derived OM, terrigenous C3 vascular plant vegetation (C3 Land
Pants), riverine and estuarine Algae (R & E Algae), and Marine algae.
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CHAPTER 4
EFFECTS OF LOW TIDE RAINFALL-RUNOFF ON THE BIOGEOCHEMICAL
CHARACTERISTICS AND FLUXES OF SUSPENDED PARTICULATE ORGANIC
MATTER IN SALT MARSHES
4.1 ABSTRACT
Global climate models anticipate more and more frequent episodes of heavy precipitation
in North America. Hence, the effects of natural low tide rainfall-runoff processes need to
be investigated in order to understand estuarine ecosystem dynamics in response to the
climate change. The purpose of this study is to evaluate the effects of low tide rainfallrunoff on salt marsh particulate organic carbon (POC) cycling. Suspended sediment from
two intertidal creeks in North Inlet, SC, USA was collected during rainfall events and
compared to samples collected during no rain conditions. Bulk (carbon, nitrogen) and
molecular (e.g. lignin) compositions of organic constituents were analyzed. Rainfall input
raised the suspended sediment and organic constituent concentration by up to two orders
of magnitude. Multivariate statistical analyses revealed that the rainfall-entrained
particulates were compositionally distinct from both no rain suspended sediment, and
marsh and bank surface sediment. The particulates in rainfall-runoff is depleted in bulk
organic carbon and algae-derived organic matter but enriched in lignin phenols relative to
no rain particulates. These observations indicate that rainfall-entrained particulates
contain allochthonous organic matter primarily derived from Spartina alterniflora.
Moreover, I calculated that rainfall-runoff can mobilize and transport 0.020±0.002
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, and it is approximately 19% of the tidal current driven POC
annually. Hence, previous outwelling estimates taken under calm weather conditions
likely underestimated the net annual delivery of POC from salt marshes to the water
column. Overall, this study provides both quantitative and qualitative evaluation on an
overlooked component of carbon cycling in salt marsh ecosystems and the products from
this study will improve our ability to characterize the organic carbon biogeochemical
cycling in salt marsh ecosystems.
4.1 INTRODUCTION
A poorly quantified yet potentially important salt marsh process of material cycling
between surface sediment and the water column is the rainfall-runoff erosion of intertidal
zone sediment. During low tide rain drops may entrain exposed surface sediment that
ordinarily is not mobilized by tidal currents and shallow water waves (Anderson, 1973;
Mwamba and Torres, 2002; Tolhurst et al., 2008; Callaghan et al., 2010) due to the high
physiochemical and biogenic cohesion (e.g., Paterson, 1989). Raindrop impacts and sheet
flow entrain and transport material from marsh surface to the water column (e.g.
Mwamba and Torres, 2002; Pilditch et al., 2008). As a consequence, low tide rainfallrunoff processes effectively mobilize material such as organic carbon in intertidal
landscapes (e.g. Chalmers et al., 1985; Jordan et al., 1986; Wolaver and Spurrier, 1988;
Torres et al., 2003). Also, the rainfall mobilization of surface sediment represents an
important mechanism for keeping particulate organic carbon (POC) available to
consumers rather than going into storage (Chalmers et al., 1985).
Most importantly for salt marsh ecosystems is that rainfall-runoff processes are capable
of mobilizing and delivering POC from the marsh surface to intertidal creeks and subtidal
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channels for wider redistribution and possible export (Torres et al., 2004). For example,
Chalmers et al. (1985), Wolaver and Spurrier (1989) and Roman and Daiber (1989)
concluded that heavy storms may lead to the export of large pulses of particulate organic
material from salt marshes. Also, Das et al. (2011) suggested that storm events caused
stirring and resuspension of estuarine sediment and likely increased the export of
estuarine carbon to the coastal Gulf of Mexico, and Sutula et al. (2003) estimated that
99% of the export of nutrients occurred during the rainy season in Florida Bay.
Low tide rainfall-runoff has been proposed to be hot moment in intertidal environments
(Torres et al., 2004). A hot moment is an event or series of events that are highly
localized in space and time, and yet contribute significantly to the overall material
cycling (Wurstbaugh et al., 2003; McClain et al., 2003). For that reason low tide rainfall
events likely represent short-term hydrodynamic processes responsible for a
disproportionate amount of material transport. Moreover, global climate models highlight
an intensification of the hydrologic cycle in the coastal areas of North America, leading
to more and more frequent episodes of heavy precipitation, particularly in summer and
autumn (Hayhoe et al., 2007). Together these observations indicate that the effects of
rainfall should be considered in biogeochemical models describing the estuarine
ecosystem dynamics.
The purpose of this study is to evaluate the effects of low tide rainfall in the
particulate organic matter cycling in salt marshes. Two key questions are answered in this
study: 1) How do the biogeochemical characteristics of suspended sediment vary under
rainfall conditions? To answer this question I use statistical methods to compositionally
differentiate samples from rainfall-runoff, no rain and marsh surface sediment. 2) How
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much POC can be mobilized and transported by rainfall-runoff? Here I calculate grams of
POC mobilized and transported per unit area of exposed marsh surface per unit rainfall,
hereafter referred to as “POC removal rate”. Furthermore, I calculate the grams of POC
by rainfall-runoff processes per unit area of exposed marsh surface annually, hereafter
referred to as “annual POC yield”. Overall, this article provides information on the
qualitative changes of suspended sediment in tidal creeks by rainfall-runoff processes as
well as the quantitative input of rainfall-entrained material. It is not only critical for
assessing impacts on water quality and biogeochemical processes but also for
investigating how intertidal environments may evolve under climate change.
4.2 SITE DESCRIPTION
The study site is in North Inlet salt marsh, Georgetown, South Carolina, USA (Figure
4.1a). North Inlet is a relatively pristine, bar-built tidal estuary with 34 km2 of salt
marshes, tidal creeks, oyster reefs and mudflats. The tides are semidiurnal with 1.5-2.0 m
of mean tidal range. The east side of the basin is bounded by modern barrier islands while
the western boundary is forested beach ridge terrain. The marsh was gradually converted
from forest by sea level rise and increased salinity during the late Holocene (Gardner et
al., 1992; Gardner and Porter, 2001). Meanwhile, some low-lying areas are accepting
sediment at a rate of ~0.2 cm yr-1 (Sharma et al., 1987) with 15-20% organic matter
(Gardner and Kitchens, 1978; Vogel et al., 1996). The organic matter in North Inlet is
derived from a variety of autochthonous and allochthonous sources that include marsh
vegetation and algae, coastal phytoplankton and land-derived organic matter (Goñi and
Thomas, 2000).
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North Inlet has a subtropical climate in the summer but mean monthly
temperatures are 9-27 oC, and long-term annual rainfall is 1.5 m (National Climatic Data
Center COOPID #383468). In the summer and fall, South Carolina's weather is
dominated by a maritime tropical air mass, the Bermuda high, which brings warm moist
air from the ocean. As the air moves inland it rises and forms localized thunderstorms
resulting in high precipitation rates (Trewartha, 1981). For example, the National
Weather Service Hydrometeorological Design Center (http://www.nws.noaa.gov) reports
that the area can experience 5 min rainfall intensities of 146-171 mm h-1 with a 1 year
recurrence interval. This is supported by direct field observations where a single storm
with a peak intensity of 174 mm h-1 caused visibility to decrease from ~10 km to 5 m
within minutes, delivering nearly 1 cm precipitation in 4 minutes. Therefore, highintensity, high-energy rainfall events are recurring features of this study site, and likely
other estuarine landscapes.
Rainfall-runoff suspended sediment samples were taken from two tidal creeks:
Creek 24 and Creek 18 on Maddieanna Island (33º19'N, 79 º53'W), hereafter referred to
as “MI” (Figure 4.1). The north to south distance of MI is about 1 km while from west to
east it varies from 0.2-0.4 km. MI is bound to the north and west by a 55-75 m wide
subtidal channel that is directly connected to an inlet, North Inlet, ~7 km to the east. The
same channel is also open to Winyah Bay, a river dominated estuary 3 km to the south
(Figure 4.1a). MI is a fully intertidal island meaning there is no direct surface connection
to terrestrial uplands, and it has a mono-culture of Spartina alterniflora (S. alterniflora).
The highest elevation is 0.78 m (all elevations referenced to NAVD88) on a levee along
the east side of the island, and the lowest is -1.36 m on a creek bed. 29% of the island
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surface is made of levee (elevation ranges of 0.32-0.78 m), 63% is vegetated marsh
platform (elevation 0.00-0.32 m), and 8% is unvegetated intertidal creeks and surface
depressions (elevation -1.36-0.00 m) (Chassereau et al., 2011). There are twenty-four
intertidal creeks on MI; three of them have creek mouths open to the subtidal channel to
the east and twenty-one creeks open to the subtidal channel on the west. I chose Creek 18
and Creek 24 as my sampling sites because the structures of their watersheds were
relatively simple with fewer branches (Figure 4.1b), hence it is easier to delimit their
watersheds and calculate the contributing areas for physical and biogeochemical
processes.
4.3 METHODS
4.3.1 Sampling Description
Wooden platforms were built approximately 1 m above the mean high tide at the creek
mouths of Creek 18 and Creek 24, respectively (Figure 4.1b). Teledyne ISCO 6712
portable water samplers (ISCO sampler) were used to collect water samples. Each ISCO
sampler contains 24 1-L bottles, vinyl suction line with a polypropylene strainer intake
with 0.5 cm diameter holes. The intake was attached to a buoy in order to take surface
water since rainfall-runoff is mostly fresh water. ISCO Model 674 tipping bucket rain
gauge (tips every 0.25 mm of rainfall) was linked to ISCO sampler. Each rain gauge was
checked and rinsed by distilled water frequently for bird droppings and insects. Rain
gauges recorded rain intensity every 10 or 15 minutes. Once the rain intensity exceeded
2.5 mm (10 tips of bucket rain gauge) ISCO samplers were triggered to take water
samples at 10 or 15 minutes intervals continuously for 24 bottles. This approach gave a
continuous time series of water samples for 4 or 6 hours after a rain event started. For
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some events, a second ISCO sampler continued to take samples after the first ISCO
sampler was finished every 30 minutes for another 24 bottles. This was done to evaluate
the effects of rainfall on the next tidal cycle. “No rain” samples were taken continuously
for at least one full tidal cycle after no less than 72 hours dry period in order to
investigate the properties of background tidal current driven suspended sediment. Water
samples were taken to the Baruch Marine Field Laboratory within 12 hours. The
suspended sediment was recovered with centrifugation (3500 rpm for 10 min) and
filtration on pre-combusted 0.7 µm glass fiber filters. Recovered filters and sediment
were oven dried at 55°C and a portion of the dried sediment was ground to pass a 60mesh (250 µm) for elemental and lignin analyses. I also collected three surface sediment
samples from the unvegetated creek bank of both creeks near the ISCO samplers and 25
surface sediment samples from two transects on marsh platform near Creek 18 and Creek
24, respectively.
In total thirty-two events were sampled. Twenty-three were rainfall events to
collect rainfall-runoff particulates and nine were no rain events to collect tidal current
driven particulates. Eleven rain events were taken in Creek 24 and twelve were taken in
Creek 18. Five no rain sampling events were at Creek 24 and four were at Creek 18. All
thirty-two events were analyzed for suspended sediment concentration. I analyzed the
OM characteristics of samples from nine rainfall events which collected relatively higher
amount of suspended sediment. The information of these nine rainfall events such as
sampling date, sampling location, duration, total rain, peak rain intensity and peak SSC
were summarized in Figure 4.2 and Table 4.1. For no rain events I randomly chose 4
events for OM analysis.

73

4.3.2 Current Profile Analysis
Velocity data were needed to calculate the water flux and estimate the POC flux. Two
Nortek Aquadopp Acoustic Doppler Current Profilers (Aquadopp) were deployed parallel
to the creek bank at the mouth of Creek 18 and Creek 19, respectively (Figure 4.1b) from
June 21 to August 19, 2010 to measure the current profiles of both tidal creeks.
Aquadopps were operated at 2 MHz with 20 cells at cell size of 0.1 m and a blanking
distance of 0.05 m. Data of pressure and velocity in directions of north, east and vertical
were taken at 15 minute intervals and averaged over 5 minute bursts. Depth-averaged
along channel velocity profiles were calculated based on the orientation of the channel.
The NAVD 88 water level elevation was converted from the pressure data and the
elevation of Aquadopp pressure sensors.
It was observed that in tidal creeks there was a characteristic association between
velocity and water level elevation (Figure 4.3). Velocity was low when the water was
confined in the channel, or water level elevation was lower than approximately 0 m. It
largely increased when the marsh platform was inundated. Also, the velocity increase was
asymmetric between flood and ebb. The velocity peak during flood occurred at higher
water elevation than ebb (Figure 4.3).
4.3.3 Biogeochemical Analysis
Suspended sediment concentration (SSC: g/L) was measured by weighing the dried filter
before and after filtration. For Chlorophyll a (Chl a) analysis approximately 50 to 200 ml
of water samples were filtered onto GF/F glass fiber filters using a gentle vacuum (<20
kPa) and immediately frozen at -80 °C and then processed within 2 weeks of collection.
To determine the Chl a concentration, filters were submerged in 90% aqueous acetone
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solution at -80 °C overnight. The extract was then poured into a glass cuvette and Chl a
concentration was measured using a Turner Model 10-AU fluorometer (Strickland and
Parsons, 1972). Due to the lack of instrument Chl a was only analyzed for samples taken
in 2010 and 2011 which were events 5, 6 and 7.
Organic matter analysis including bulk organic carbon (OC) and total nitrogen
(N), and microwave CuO oxidation lignin analysis were performed in College of Earth,
Ocean, and Atmospheric Sciences of Oregon State University. For bulk OC and N
analysis, dried filters and grounded surface sediment samples were placed into
desiccators with 0.5 mol of HCl vapor for 12 hours to remove inorganic carbon
(acidification) (Hedges and Stern, 1984). OC and N contents were then measured by
high-temperature combustion on a Thermo Quest EA2500 Elemental Analyzer. The
standard deviation of each measurement was determined by replicate analysis; average
standard deviation is 0.00676 (wt%).
Alkaline CuO oxidations were performed to measure the yields of lignin- and
nonlignin-derived products using a microwave digestion system according to Goñi and
Montgomery (2000). Detailed procedures of microwave CuO oxidation lignin analysis
were described in Chapter 3. Samples were prepared in two different treatment methods
before running lignin analysis. For samples taken in 2009 such as events 1, 2, 3, 4, 8 and
9 suspended sediment was retrieved from 0.7-um glass fiber filters. The glass fibers did
not affect the lignin analysis (Hunsinger et al., 2010), however, since some fibers were
mixed with the sediment, there was uncertainty in determining the sample weight. For
samples taken after 2009 such as events 5, 6 and 7 suspended sediment was retrieved
from centrifuging water samples. Due to the differences in sample preparation, I focused
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on the qualitative analysis of the lignin data. For example, in multivariate analysis of
variance (MANOVA) and discriminant analysis I performed each statistical analysis
three times with all the samples, samples taken in 2009, and samples taken after 2009.
Three groups of data gave similar results with minor differences that did not affect the
discussion and conclusion. Hence, I am confident to present and discuss the results of
multivariate statistical analyses based on all samples. However, in OM temporal
variations I observed consistently low values in lignin- and nonlignin-derived products in
events 5, 6 and 7 than the other events. Therefore, I focused on the common features in
temporal variations of the individual lignin- and nonlignin-derived products. The
differences which likely caused from analytical methods were not discussed in a
conclusive view.
Following the CuO microwave oxidation process, I quantified lignin-derived
compounds, including vanillyl (VP = Vanillin + Acetovanillone + Vanillic acid), syringyl
(SP = Syringealdehyde + Acetosyringone + Syringic acid), cinnmamyl (CP = p-Coumatic
acid + Ferulic acid) phenols; and lignin dimer products (Tdimers), including
Dehydrodivanillin, Dehydrovanillin-vanillic acid, Dehydroacetovanillone-vanillic acid,
Dehydrovanillin-acetovanillone, Dehydrodivanillic acid, Vanillil, 5-Vanillo-vanillin and
5-Vanillo-acetovanillone. All of these compounds were characteristically recovered from
the alkaline oxidation of lignin, a phenolic macromolecule that is uniquely synthesized by
the cell walls of vascular land plants (e.g. Hedges and Mann, 1979; Goñi and Hedges,
1992; Goñi and Thomas, 2000). On the other hand, I quantified hydroxy benzene
products (BP), including Benzoic acid, o-Hydroxybenzoic acid, m-Hydroxybenzoic acid
and 3,5-Dihydroxybenzoic acid. BP are derived from multiple sources and relatively
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abundant in phytoplankton and soil (Goñi and Hedges, 1995; Otto et al., 2005). I reported
the yields of total lignin phenols (VP+SP+CP), Tdimers and BP in units of milligram
phenols per gram sediment shown as ∑Lig, Tdimers_sed, and BP_sed, respectively, and as
carbon normalized concentrations in units of milligram per 100 mg OC shown as Λ,
Tdimers_OC and BP_OC, respectively, and as concentration in the water column in units of
milligram per liter of water shown as Tlig_water, BP_water, and Tdimers_water, respectively.
4.3.4 Statistical Methods
Statistical analyses including MANOVA and discriminant analysis were conducted on
suspended sediment samples collected during different weather conditions and surface
sediment samples. MANOVA allows the use of several variables to determine the
differences between factor levels. In this study, samples were taken under rain, after rain,
and no rain conditions. This gave the factor of “weather” three levels and I investigated
whether the biogeochemical characteristics of suspended sediment were different among
them. Discriminant analysis is a statistical method used to distinguish two or more
naturally occurring groups based on the observed characteristics of each sample. This
procedure generates canonical discriminant functions for all samples based on the linear
combinations of the variables that provide the best discrimination between the groups.
Based on the distribution of function 1 and function 2 samples can be divided into
groups.
4.3.5 Calculating the Rainfall-runoff POC Yields
One of the purposes in this study is to quantify the effects of rainfall on particulate
organic matter cycling. To be specific, I attempt to determine the POC flux generated by
rainfall-runoff in order to evaluate its role in the overall POC flux in salt marshes. The
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principle of calculating POC flux is: Water Flux * POC concentration. Water flux is
calculated using the product of current profile data and the cross-section areas of creek
mouths. POC concentration is grams of POC per liter determined by water samples taken
by ISCO samplers. Detailed equations are listed in the next several paragraphs.
4.1
Equation 4.1 expressed the calculation of accumulative POC flux for one event with 24
samples:
unit of

(

).
.

is the instantaneous POC flux of

with a

is the time interval (10 min or 15 min) for that sampling

event with a unit of .
The instantaneous POC flux

is calculated by Equation 4.2

expressed as:
4.2
In Equation 4.2
unit of

is the suspended sediment concentration of
.

with a

is the weight percentage of bulk organic carbon content

in rainfall-runoff. It ranges from 2.57% to 6.24%. However, no significant difference was
observed between the two sites, hence I used 4.41±0.45% in Equation 4.2.
is the instantaneous water flux at

with units of

. It is

the product of instantaneous along channel flow velocity (

in

instantaneous creek mouth area (

as shown in Equation

in

) at

) and

4.3:
4.3
It was impractical to measure velocity through the entire sampling period. Therefore, my
strategy to compensate for the incomplete data is to use the flux based on the water
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surface elevation (

) instead of the flux at the time step of every sample. This

is satisfactory because the velocity is tide driven and there is a characteristic association
between tidal stage and velocity (e.g. Torres and Styles, 2007; Fagherazzi et al., 2008)
shown in Figure 4.3. For instance, for any water surface elevation the value of depth
averaged velocity is within a well defined range (Figure 4.3). Hence, for
water level at

with

the value of velocity can be obtained in Figure 4.3. Then the

instantaneous water flux at any water surface elevation (
estimate the instantaneous water flux at

(

) can be used to
):
4.4

In Equation 4.4
surface

is the cross section area at the creek mouth at any water
.

is calculated using the profile of mouth cross section

area of Creek 18 and Creek 24.
On the other hand, the tidal creek water column has measurable suspended
sediment during no rain conditions. Hence, suspended sediment samples taken during
rainfall were the sum of background tidal current driven material and the rainfall-driven
material. Then the rainfall-driven POC flux of a rain event (
result of observed POC flux (
flux (

in

in

in

) is the

) minus the tidal current driven POC

):
4.5

Tidal current driven POC fluxes (

) were calculated using Equation 4.1 to 4.4.

%OC for tidal current driven samples is 5.63±1.40%.
In sum, this section calculates the flux of POC generated from a rainfall event
(

). With 23 rainfall events I am able to derive the POC fluxes of rainfall-runoff
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for 23 rain events. In the next section, I attempt to generalize these event based
observations.
4.3.6 Calculating POC Removal Rate and Annual POC Yield
POC Removal Rate is defined as the grams of POC that is mobilized and transported
from the marsh surface to the creek mouths per unit exposed surface area per unit rain,
with units of

. Annual POC Yield is defined as the grams of

POC driven by rainfall-runoff per unit area per year, with units of

.

They are the fundamental units I use for evaluating the effects of rainfall-runoff on POC
flux between sites and at different times because my purpose is to generalize the site
specific, event based observations reported in the last section in order to broaden their
applicability to other areas.
POC removal rate for

(

in

calculated by the amount of POC that was removed by
divided by the contributing area (
rainfall (

in

in
) of

) is
(

in

)

) and further divided by the total

:
4.6

The area of marsh platform and tidal creek banks that provides particles to rainfall-runoff
is the contributing area. It is calculated using ArcGIS based on the method in Fagherazzi
et al. (2008); it includes four steps. First, extract total watershed based on topography
(Figure 4.4a and Figure 4.5a). Second, compute the distance of each channel location
from the creek mouth along the channel network (Figure 4.4b and Figure 4.5b). Third,
compute the particle path on the marsh surface following the steepest descent along the
ground surface (Figure 4.4c and Figure 4.5c). Fourth, calculate the sum of particle
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traveling distance along the channel and over the marsh surface (Figure 4.4d and Figure
4.5d). The result of step four is the definition of the total travel distance for every
possible point on the watershed to the creek mouth. The colored bands were created by
Arc GIS based on groups of total travel distance (Figure 4.4d and Figure 4.5d) and the
area between creek mouth and the color band is the contributing area for that total travel
distance.
For a rain event the total travel distance for

is the product of rainfall-

runoff velocity and the travel time. The overmarsh runoff velocity is assumed to be 0.03
m/s (Fagherazzi et al., 2008). The travel time (

in s) for

time since runoff generates. Then the total travel distance (

is the elapse of
in m) is:
4.7

Then for

the contributing area is the area from creek mouth to the color band of
which can be calculated based on Figure 4.4d and Figure 4.5d in ArcGIS.

Moreover, current velocity in the tidal creek is higher than the runoff velocity on the
marsh surface at the beginning of the rainfall event. Hence, it is likely that tidal creek
banks contribute more area than marsh surface. To compensate for this underestimate of
contributing area, I add the contributing area of creek banks to the area calculated based
on total travel distance to define the total contributing area. The relationships between
particle travel time and the percentage of total contributing area in Creek 18 and Creek
24 watersheds are shown in Figure 4.6.
Furthermore, the average annual rainfall over North Inlet salt marsh is ~1500 mm.
I randomly chose the year of 2001 and calculated the percentage of low tide rainfall. For
2001 45.5% of the total rainfall fell on the low tide (using 0 m in NAVD88 as the low
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tide elevation). Therefore, the average annual low tide rainfall in North Inlet salt marsh is
~682 mm. Then the annual POC yield (

) in this study site is the

product of the POC removal rate (

) and 682 (

).
4.3.7 Error Estimation
The errors of

were presented using standard deviation (Figure 4.3).

Hence, the error of the instantaneous water flux can be calculated based on the error of
velocity, and then using the rules of propagation of errors shown in Equation 4.8
(Clifford, 1973) the error of the accumulative POC yield can be calculated. Similarly,
Equation 4.8 can be used to calculate the average value and error of POC removal rate of
23 events.
4.8
In Equation 4.8

is the error of accumulative POC flux,

error of instantaneous POC flux of

is the

.

4.4 RESULTS
This study investigates two aspects of the rainfall effects on POC cycling. Direct
observations of the temporal variation in organic characteristics of suspended sediment
under rainfall conditions will be shown first. Multivariate statistical methods are
performed to highlight the differences in the rainfall-entrained particulates. The second
part is an estimate of rainfall on the POC flux between marsh surface and the water
column. In this part, the mean POC removal rate will be calculated based on twenty-three
rainfall events. Furthermore, annual POC yield will be calculated and compared with
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tidal current driven POC flux in order to evaluate the significance of rainfall on the
overall POC flux in salt marshes.
4.4.1 The Organic Characteristics of Rainfall-driven Suspended Sediment
Peak rain intensity, peak SSC and tidal stage of the nine rainfall events which were
analyzed for OM characteristics were summarized in Figure 4.2 and Table 4.1. The peak
rain intensity varied from 0.17-1.03 mm/min. The peak SSC varied from 0.10-2.16 g/L.
Except for events 8 and 9 peak rainfall and peak SSC occurred at about the same time.
However, the magnitude of SSC increase was not proportional to peak rain intensity. For
example, the highest rain intensity occurred in event 1 yet the SSC was the fourth
highest. In the following sections I highlight one single rainfall-runoff response as an
example to describe the detailed temporal variation, and then I describe the general
observations from all rainfall events.
4.4.1.1 Variation of Organic Characteristics in Response to an Example Rainfall Event
I chose the rain event on July 14th 2010 at Creek 24 as an example to show the response
of suspended sediment to rainfall-runoff. The main reason for choosing this event was
that the samples had the full suite of analysis including: salinity, Chl a, bulk OM and
lignin analysis, and samples were collected for up to 740 minutes after rain started.
Twenty-four samples were taken every 10 minutes after the start of rain or from 0-240
min, and then fourteen more samples were taken every 30 minutes from 300-740 min.
This rain occurred during ebb at -0.54 m of water surface elevation (Figure 4.7a). It
rained at ~2.5 mm/10min from 0-20 min, the rain stopped for 10 minutes, and then it
rained at ~0.8 mm/10min from 30-40 min (Figure 4.7a). After that rain occurred at 60
min and 90 min at ~0.25 mm/10min (Figure 4.7a). In response to rainfall salinity at the
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creek mouth decreased rapidly from 40 to 20 from 0-60 min. It stayed at 20 from 60-120
min and then gradually increased to 40 at 300 min (Figure 4.7b).
SSC started to show a signal at 10 min where SSC increased from 0.13-2.16 g/L.
After the initial peak, SSC decreased to 0.50 g/L at 50 min and then decreased gradually
to the initial level of 0.13 g/L at 170 min. After that the SSC stayed relatively constant at
0.11-0.13 g/L (Figure 4.7b). The response of other constituents to rainfall showed a
similar pattern to SSC. They had the peak response at 10 min but decreased to ~30% of
the peak values at ~50 min, and then decreased gradually to the initial values after 160
min (Figure 4.7c and d). However, Tdimers_water had a second peak at 60 min after rain,
rising from 0.03-0.16 mg/L, which is higher than the first peak. The second peak
decreased to 0.01 mg/L from 60-130 minutes and remained low thereafter (Figure 4.7e).
The variation of the organic composition in sediment does not have a clear pattern
(Figure 4.8). For example, %OC showed a small increase from 10-30 min rising from
4.1-5.0% (Figure 4.8b). It then dropped to 4.1% from 40-70 min, and then increased
slightly to 4.6% likely corresponding to the rain at 60 min. After that it was 4.2-4.7%
from 80- 240 min. From 300-740 min %OC varied between 4.6-6.0% (Figure 4.8b). %N
was also highly variable (Figure 4.8b). It decreased from 0.58-0.50% from 0-60 min, then
increased to 0.64% at 140 min, and stayed relatively stable to 240 min. %N did not
covary with %OC until 240 min. Organic carbon to nitrogen atomic ratio (OC:N) varied
between 7.5-11.5 for samples taken from 0-240 min but stayed stable at ~9 from 300-740
min (Figure 4.8c). On the other hand, the ratios of Chl a concentration to POC (Chl
a/POC) showed a sharp decrease from 0.3-0.1% between 0-10 min (Figure 4.8c) and then
slowly increased to 0.4% at 140 min and stayed relatively constant until 240 min. From
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300-740 min Chl a/POC samples had higher and relatively constant values of ~0.35%
and then decreased to 0.2% (Figure 4.8c).
For CuO oxidation products, ∑Lig had irregular variations from 0-60 min varying
between 1.4-2.5 mg/g (Figure 4.8d). From 70-160 min it slightly decreased to 0.8 mg/g
and was relatively stable to 740 min except for some possible outliers (Figure 4.8d).
BP_sed increased from 0.01-0.11 mg/g between 0-10 min in response to the initial rainfall
(Figure 4.8d). It then showed a second spike from 0.05-0.15 mg/g at 80 min. These two
peaks were the major features of BP_sed from 0-240 min after rain started. From 300-700
min, it varied irregularly between 0.02-0.13 mg/g (Figure 4.8d). Tdimers_sed did not show
any significant response to the initial rainfall however it rose from 0.04-0.32 mg/g at 50
min (Figure 4.8e). From 70-120 min, it gradually decreased to the initial value and stayed
relatively constant until 200 min. Tdimers_sed then varied between 0.05-0.20 mg/g from
220-740 min (Figure 4.8e).
Figure 4.9 showed that the variations of Λ, BP_OC and Tdimer_OC with rainfall
were similar to the variations of ∑Lig, BP_sed and Tdimers_sed. For example, the peaks and
troughs of Λ, BP_OC and Tdimer_OC corresponded in both values and timing with ∑Lig,
BP_sed and Tdimers_sed (Figure 4.8 and Figure 4.9). For lignin phenol ratios SP/VP was
relatively lower between 0-240 min than 300-740 min, while CP/VP response was
opposite (Figure 4.9d). Also, these values covaried from 300-740 min with minor
variation while between 0-240 min neither of them showed a clear response to rainfall.
SP/VP varied between 0.4-1.0 from 0-190 min and then increased to 1.7 at 240 min. It
dropped to 1.0 at 360 min and then stayed relatively constant. CP/VP varied between 0.30.6 from 0-240 min and stayed at 0.3 from 300-740 min (Figure 4.9d).
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Vd/Vl and Sd/Sl had similar patterns to SP/VP and CP/VP (Figure 4.9e). They
covaried from 300-740 min and varied irregularly from 0-240 min with no significant
response to rainfall (Figure 4.9e). Vd/Vl varied between 0.1-0.6 from 0-240 min and
slightly increased to 1.0 at 300 min and varied between 1.0-2.2 to 740 min. It seemed that
tidal stage influenced the 300-740 min period where high tide corresponded with low
Vd/Vl and low tide corresponded with higher Vd/Vl (Figure 4.9a and Figure 4.9e). From
0-240 min Sd/Sl varied between 0.9-1.6 with no significant response to rainfall and it
varied between 0.1-1.2 from 300-740 min. Similar to Vd/Vl it seemed that tide influenced
the Sd/Sl variation between 300-740 min where high tide associated with lower values
while low tide was associated with higher values (Figure 4.9a and Figure 4.9e).
In sum, this example showed that the concentration of suspended sediment and
organic constituents in the water column increased dramatically in response to the rain.
However, the bulk OC, N and OC:N, and sedimentary and carbon normalized lignin
products were highly variable and their response to the rainfall was less discernible.
4.4.1.2 Similarities and Differences in Temporal Variation of Organic Characteristics in
Response to All Rainfall Events
All rain events are different in intensity, duration and the tidal stage. I plotted the time
series of sediment and OM constituents from 0-400 minutes of all 9 events in order to
analyze the general features of the temporal variations. In addition, the average values of
no rain tidal driven suspended sediment, creek bank surface sediment and marsh platform
surface sediment were plotted as the baselines to compare with the rainfall-driven
particles. In the next paragraphs I illustrate the similarities and differences of the
temporal variations in OC response to all rainfall events.
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The concentrations of rainfall-runoff sediment and OM compounds in the water
column were consistently significantly higher than no rain in all events (Figure 4.10 and
Figure 4.11). SSC, POC and PN increased up to 50 times more than no rain conditions;
Chl a increased up to 15 times; Tlig_water increased up to 130 times; Tdimers_water
increased up to 80 times; and BP_water increased up to 60 times. These values decreased
after rain stopped yet the concentrations were consistently higher than no rain conditions
for at least 160 minutes (Figure 4.10 and Figure 4.11). Hence, I consider 160 minutes as
the boundary between “rain” and “post rain” conditions. On the other hand, SSC, POC,
PN, Chl a, Tlig_water, Tdimers_water and BP_water started to rise once the accumulative rain
exceeded 5 mm or the %contributing area exceeded zero (Figure 4.10 and Figure 4.11).
Except for Tdimers_water the peaks of all variables corresponded to the peaks of SSC.
Tdimers_water showed a delay of 10 or 15 minutes in most events (Figure 4.10 and Figure
4.11).
Furthermore, I presented the temporal variation of sedimentary organic matter
contents (Figure 4.12, Figure 4.13 and Figure 4.14). Rainfall had relatively consistent
effects on the sedimentary OM contents. For instance, rain and post rain %OC were in
the range of 3.5-5% with slight increases corresponding to the peak rain (Figure 4.124.14). The marsh and creek bank surface sediments were higher in %OC near Creek 18
with values of 5.16% and 6.02%, respectively, than near Creek 24 with values of 2.77%
and 3.58%, respectively. This resulted in the lower rain and post rain %OC than surface
sediment in Creek 18 but higher %OC than surface sediment in Creek 24 (Figure 4.124.14). Nevertheless, rain and post rain %OC were lower than no rain in both creeks for
all events.
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%N of all events was relatively invariant in the range of 0.4-0.6% with slight
increases likely associated with rain peaks (Figure 4.12, Figure 4.13 and Figure 4.14). In
both creeks rain and post rain %N was consistently lower than no rain but higher than
surface sediment. Similarly, rain and post rain OC:N values were comparable amongst
all events with a range of 8-11 and they were consistently equal to or slightly higher than
no rain samples, but much lower than surface sediment (Figure 4.12-4.14). Chl a/POC
were only analyzed in events 5, 6 and 7 and it showed consistently lower values than no
rain for the entire 400 minutes (Figure 4.13 and Figure 4.14).
∑Lig, BP_sed, Tdimers_sed, Λ, BP_OC and Tdimers_OC seemed to have an analytical
difference between the two preparation methods. For example, samples from events 5, 6
and 7 were prepared with centrifuge extraction and their lignin and BP values were
consistently lower than the others (Figure 4.12-4.17). Hence, for these cases I focused on
the qualitative variation of the lignin products. Generally speaking, the temporal
variations of ∑Lig and Λ were high (Figure 4.12-4.17). The peaks of ∑Lig and Λ seemed to
coincide with rain peaks. Regardless of the analytical error ∑Lig and Λ were consistently
higher than no rain samples. Further, compared to the marsh and creek bank surface
sediment for events 1, 2, 3, 4, 8 and 9 values of ∑Lig and Λ were consistently higher while
in events 5, 6 and 7 ∑Lig and Λ were highly variable, and for some samples they were
higher than surface sediment (Figure 4.12-4.17). Also, Tdimers_sed and Tdimers_OC
behaved similarly and were highly variable in all rain events.
The %contributing area seemed to influence both the sedimentary and carbon
normalized Tdimers. For example, more rapid increase in %contributing area seemed to
associate with relatively higher Tdimers such as in events 2, 3 and 8 (Figure 4.12, 4.14,
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4.15 and 4.17); while they were relatively lower in events with slower increases of
%contributing area such as events 1, 4, 5, 6, 7 and 9 (Figure 4.12-4.17). In the mean time,
most rain and post rain Tdimers in events 2, 3 and 8 were higher than marsh surface
sediment while in other events they were consistently lower than marsh surface sediment
(Figure 4.12-4.17).
On the other hand, BP_sed had a consistent response to rainfall although values in
events 5, 6 and 7 were more variable (Figure 4.12-4.17). Typically the average values of
BP_sed were higher than marsh and creek bank surface sediment and comparable to no
rain samples. BP_OC also had a consistent response to rainfall (Figure 4.12-4.17). Except
for event 2 all others had comparable values of BP_OC with no rain samples.
For lignin phenol ratios most rain events had SP/VP and CP/VP similar to no rain
and lower than marsh and creek bank surface sediment (Figure 4.12-4.17). Vd/Vl and
Sd/Sl were highly variable in all events. The common feature I observed in the temporal
variation of most rain events is that rain and post rain Vd/Vl and Sd/Sl were always
higher or comparable to the creek bank sediment, and some samples had higher values
than surface sediment (Figure 4.12-4.17).
Overall, I found that rain intensity, accumulative rain, %contributing area and the
tidal level influenced the temporal variations of OM characteristics in response to
rainfall. OM concentration in the water column was significantly higher than no rain
conditions for up to 160 minutes. The temporal variation of the sedimentary and carbon
normalized organic constituent content in response to rainfall-runoff is high and less
organized. Also, rainfall-entrained particles consistently have higher lignin phenols than
no rain samples and for some extreme cases such as during peak rain they are higher than
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marsh surface and creek bank sediment. These observations suggest that rainfall-runoff is
a source of sediment and lignin phenols to the water column and the mobilized material
was compositionally different from no rain suspended sediment and surface sediment.
4.4.1.3 The Controls on OM Constituents in Suspended Sediment: MANOVA Results
I applied a full factorial multivariate analysis of variance (MANOVA) on the carbon
normalized individual organic constituents (variable unit: mg/100mg OC), sedimentary
individual organic constituent content (variable unit: mg/g Sed) and organic constituent
concentration in the water column (variable unit: mg/L water) for all 9 rainfall events and
4 background sampling events, totaling 281 samples with 114 organic constituents.
“Weather” was the fixed factor with three factor levels: rain, post rain and no rain; and
water elevation was the covariate. Results showed that “Weather” had significant (p=0)
effect on carbon normalized OM constituents, sedimentary OM constituents, and OM
concentration in the water column (Table 4.2). “Weather” can explain 73% of the total
variance in carbon normalized OM constituents, 74% of sedimentary OM content, and
68% of OM concentration in the water column. Water level also significantly affected
carbon normalized OM constituents, sedimentary OM constituents, and OM
concentration in the water column (all p=0.000; Table 4.1). Water level can explain 75%
of total variances in carbon normalized OM constituents, 75% of sedimentary OM
content, and 67% of OM concentration in the water column. In sum, MANOVA results
indicate that rainfall-runoff processes input compositionally distinct organic constituents
to the water column.
4.4.1.4 Grouping Suspended Sediment: Results of Discriminant Analysis
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In order to distinguish the samples from different groups, I used box-whisker plot to
compare the organic constituent concentration in the water column, the organic
constituent content in the sediment, and the carbon normalized organic constituents
among rain, post rain, no rain and surface sediment (Figures not shown). I observed that
the organic constituent concentration in the water column were significantly higher in
rain than no rain conditions. However, the sedimentary and carbon normalized contents
of organic constituents were less discernible among groups. Only %OC,%N and OC:N
showed significantly differences among rain, no rain and surface sediment. Box-whisker
plot compares one variable at a time. An improvement is to use discriminant analysis
which separates groups based on the linear combinations of all variables.
Discriminant analysis was applied to 114 carbon normalized individual CuO
oxidation products of all the suspended sediment in variable weather conditions and
surface sediment samples from unvegetated creek bank and vegetated marsh surface.
Figure 4.18 indicates that samples can be divided into four groups. Surface sediment
samples (white cross) had lower values for function 1 and they were separate from
suspended sediment. Also, suspended sediment samples were divided into three groups:
rain, post rain and no rain. These samples had similar values of discriminant function 1
(x-axis). However, from rain samples, to post rain samples and then to no rain samples
function 2 values gradually decreased. Post rain samples had some overlap with no rain
samples suggesting the relative similarity of OM characteristics between them (Figure
4.18). Rain samples did not overlap with no rain samples, indicating rain and no rain had
distinct OM characteristics. The position of post rain samples was in the middle of rain
and no rain, possibly indicating that post rain suspended sediments are transitional
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between rain and no rain (Figure 4.18). Overall, discriminant analysis distinguished
samples into four groups with different compositional characteristics: surface sediment,
suspended sediment taken during rain, post rain and no rain conditions.
In sum, statistical analyses highlighted the significant effects of rainfall-runoff on
the OM characteristics of suspended sediment in salt marsh tidal creeks. For example,
time series figures showed increases of suspended sediment concentration, organic
carbon concentration and lignin concentration in the water column. Also, sedimentary
and carbon normalized total lignin and total dimers showed increases in response to
rainfall. Furthermore, MANOVA tests showed that weather conditions have a statistically
significant effect on the overall variance in suspended sediment OM characteristics.
Meanwhile, discriminant analysis separated suspended sediment into rain, post rain and
no rain response, and further separated surface sediment from all other suspended
sediment. Overall, the statistical methods showed that suspended sediments driven by
rainfall-runoff are compositionally significantly different from no rain, and surface
sediment samples.
4.4.2 The Rainfall-driven POC Fluxes in Salt Marsh Tidal Creeks
The second question that this study tries to answer is how much POC was mobilized and
transported by rainfall-runoff. I calculated the POC removal rate (
) and the annual POC yield (

). I also estimated the

proportion of rainfall-driven POC flux relative to the tidal current driven POC flux in
order to quantify the effect of rainfall in the context of “outwelling” (e.g., Nixon, 1980;
Dame et al., 1986). Out of twenty-three events, ten occurred during flood and thirteen
during ebb (Table 4.3). During flood water flows into the tidal creek are defined as

92

positive, while during ebb it is negative. Averaging over 23 events the POC removal rate
is 0.020±0.002

. Furthermore, the average annual total low tide

rainfall of 682 mm gives an annual POC yield of 13.64±1.36
addition, the tidal current driven POC flux was 70.93

. In
. This result

indicates that at the tidal creek-subtidal channel interface rainfall flux was approximately
19% of the annual tidal current driven POC flux.
In sum, my results present two aspects of rainfall-runoff effects on suspended
sediment in salt marsh tidal creeks. First is the biogeochemical aspect. I observe
significant variations in the OM constituents in water, sediment and OC in response to
rainfall. MANOVA and discriminant analysis show that the biogeochemical
characteristics of rainfall-entrained suspended sediments OM are distinguishable from
surface sediment and no rain suspended sediment. These observations indicate that
rainfall-runoff processes mobilize and transport distinct sediment into tidal creeks, likely
influenced the biogeochemical cycling of organic carbon in salt marshes. Second, the
POC removal rate was 0.020±0.002
was 13.64±1.36

and the annual POC yield
at the tidal creek-subtidal channel interface which

was ~19% of annual tidal current driven POC yield. This observation indicates that
although low tide rainfall-runoff is a relatively short term process, it plays an important
role in material cycling in salt marshes.
4.5 DISCUSSION
Salt marsh surface sediment typically develops high erosion thresholds that preclude
entrainment by tidal currents and shallow water waves (e.g., Anderson, 1973; Paterson,
1989). Hence, during calm weather conditions suspended sediment in tidal creeks is
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mostly from tidal circulation. The OM in salt marshes is mainly derived from algae and
marsh plants such as S. alterniflora (Goñi et al., 2003). Algae-derived OM has OC:N of
6-7 and none lignin products (Hedges and Mann, 1979; Fry and Sherr, 1984; Goñi and
Hedges, 1992; Goñi and Hedges, 1995). S. alterniflora-derived OM typically has OC:N
of ~25 and Λ from 12-14 mg/100mg OC (Goñi and Hedges, 1995; Goñi and Thomas,
2000). Compared to the values of OC:N and Λ in these possible sources the suspended
sediment taken during no rain conditions has OC:N values of 8 and is likely mainly from
marine algae. Moreover, hydroxy benzene products (BP) were relatively abundant in
phytoplankton (Goñi and Hedges, 1995). My observations of higher BP in no rain
conditions relative to surface sediment suggest an algae source for the no rain
particulates (Figure 4.12-4.17). Furthermore, discriminant analysis shows a natural
separation between surface sediment and no rain suspended sediment (Figure 4.18)
suggesting that their total variances of CuO oxidation products are significantly different.
Overall, the characteristics of OM in suspended sediment during no rain conditions show
that autochthonous OM primarily derived from algae dominates the tidal creek water
column.
This situation changes in response to rainfall-runoff. Rain intensity significantly
influences the SSC, POC, PN and Tlig_water in that the peaks of these sediment properties
typically occur simultaneously with peak rain intensity (Figure 4.2, Figure 4.10 and
Figure 4.11). However, the magnitude of the increase of SSC (Figure 4.2) and the
corresponding OM concentration is not proportional to rain intensity (Figure 4.10 and
Figure 4.11). Clearly tidal level plays a role in SSC. For example, rain events happening
at lower tide have larger creek bank exposed area subjected to the impact of raindrops
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and sheet flow transports, hence more suspended sediment will be mobilized. This is also
suggested by MANOVA results (Table 4.2).
Moreover, there are two rain events, 8 and 9, which have lags between peak rain
intensity and peak SSC (Figure 4.2), as well as the corresponding organic constituent
concentrations (Figure 4.10 and Figure 4.11). I suggested that the %contributing area and
accumulative rainfall cause the lags. For instance, SSC and the corresponding organic
constituent concentration start to increase once the %contributing area exceeds zero when
the accumulative rain exceeds 5 mm (Figure 4.10 and Figure 4.11). This is because 5 mm
is the threshold for rainfall to generate runoff and then for the marsh surface to contribute
sediment (Mwamba and Torres, 2002). Therefore, before accumulative rain exceeds 5
mm there is no runoff and more importantly contributing area is 0. This results in the lag
in SSC and organic constituent concentration response.
Regardless of the timing of the peaks both the SSC and organic constituent
concentration in the water column decrease rapidly with diminishing rainfall yet its
influence can last up to 160 minutes (Figure 4.10 and Figure 4.11). The significant
increase of suspended sediment and organic constituents suggests that rainfall-runoff
processes are able to mobilize and transport large quantities of sediment and organic
matter to the tidal creek. These observations were consistent with previous studies which
suggested that rainfall-runoff processes generate significant bulk OM (Mwamba and
Torres, 2002). Also, many studies observed that natural storms over salt marshes and
tidal flats produce high sediment and organic carbon mobilization (Settlemeyer and
Gardner 1975; Chalmers et al., 1985; Wolaver and Spurrier, 1988; Roman and Daiber,
1989; Leonard et al., 1995; Voulgaris and Meyers, 2004; Nowacki and Ogston, 2012). In
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other words, the salt marsh surface is not a static storage system but an active non-point
source of allochthonous organic matter in response to rainfall-runoff.
The compositional characteristics of suspended sediment are significantly affected
by rainfall. For example, rainfall-entrained OC:N values were much lower than the
substrate, consistent with the observations of Torres et al. (2003). However, I observed
relatively lower %OC in rainfall-entrained particulates than the substrate in samples
collected in Creek 18, and this contradicts Torres et al. (2003) who reported a
consistently higher %OC in rainfall-runoff than the substrate. My observations were
likely caused by the high %OC in the substrate near Creek 18 (Figure 4.12-4.14)
indicating that the differences in the substrate influence the properties of rainfallentrained material.
Moreover, Chl a concentration can serve as a proxy for phytoplankton biomass
while Chl a/POC represents the proportional contribution of algae to sedimentary organic
carbon. The high Chl a concentration from rainfall-runoff was caused by the high loading
of suspended sediment (Figure 4.5c, Figure 4.10, Figure 4.11), however, the low Chl
a/POC values in rainfall-runoff (Figure 4.13 and Figure 4.14) indicate that the processes
add more non-algal derived OM to the tidal creek water column.
On the other hand, the rate of change in %contributing area seems to have some
influence on the variation of Tdimers and BP_OC. Values of Tdimers were higher in
events with more rapid increase of %contributing area such as events 2, 3 and 8 (Figure
4.12, 4.14, 4.15, and 4.17) than the other events. The rainfall events with more rapid
increase of %contributing area have the marsh surface contributing to the rainfall-runoff
sooner than the events with slower increase of %contributing area. Marsh surface
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sediment is more enriched in lignin dimers (Figure 4.12-4.17), hence the more rapid
increase of contributing area from the creek bank expanding to the marsh surface causes
more lignin dimers enriched particles to be mobilized by rainfall, resulting in the higher
values in rainfall-entrained sediment.
Moreover, Torres et al. (2003) concluded that rainfall-runoff process
preferentially mobilize low density OM-rich particulates with low OC:N values; Chen et
al. (2012) observed that low tide rainfall tends to preferentially transport material with
metal contents that exceed that of the bulk sediment. Their concept of preferential
mobilization and transport is consistent with my observations that many samples taken
during rainfall have much higher ∑Lig, Tdimers_sed, Λ, Tdimers_OC, Vd/Vl and Sd/Sl than
the substrate (Figure 4.12-4.17). Hence, I conclude that the low tide rainfall-runoff
processes preferentially mobilize and transport lignin phenol-rich and more degraded
particulates mainly derived from S.alterniflora, leading to large addition of allochthonous
material to the water column.
The change from mostly autochthonous to allochthonous OM influences the
aquatic food web structure because allochthonous S. alterniflora-derived OM is mainly
cellulose and lignin that are low in nutritional value. Autochthonous sources (particularly
algae), on the other hand, are enriched in mineral nutrients (N, P) and important
biochemicals (e.g., fatty acids, proteins) with higher nutritional value. Typically
autochthonous OM with high nutritional value is preferably consumed by organisms.
However, studies also suggested that the allochthonous OM can be consumed by
heterotrophs and potentially increase the secondary production (e.g. Huxel et al., 2002;
Carpenter et al., 2005; Hoffman et al., 2008; Van den Meersche et al., 2009). For
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example, Van den Meersche et al. (2009) proposed that detritiborous mesozooplankton
can directly consume POC and introduce a substantial allochthonous contribution to
mesozooplankton diets. Wallace et al. (1997) and Hoffman et al. (2008) suggested that
macroinvertebrates can utilize both autochthonous and vascular plants derived humic-rich
allochthonous OM and thereby enhanced ecosystem productivity. Also, terrestrial carbon
subsidies were shown to fuel aquatic ecosystem metabolism (Cole and Caraco 2001),
increase production of upper trophic levels (Carpenter et al. 2005) and stabilize predator–
prey interactions (Huxel et al. 2002). Therefore, the significant input of allochthonous
OM by rainfall alters the quality of food resources in the salt marsh water column, and
likely influences many biogeochemical processes and the food web structure in salt
marsh ecosystems.
On the other hand, low tide rainfall-runoff processes produce a non-point source
of OM for tidal creek water column. For example, low tide rainfall simulation experiment
revealed that rainfall can mobilize 0.31

in North Inlet salt

marsh (derived from Mwamba and Torres, 2002). Based on this rate, assuming the annual
total low tide rainfall is 682 mm in North Inlet rainfall-runoff can mobilize approximately
211

. However, fluxes measured by Mwamba and Torres (2002)

only considered the local or plot-scale resuspension of marsh surface. My measurements
are an improvement over Mwamba and Torres (2002) because I account for the loss of
rainfall-runoff particles during the transportation processes as well as the mixing and
dilution with tidal creek water. I calculated that the average POC removal rate is
0.020±0.002

, and at North Inlet this gives 13.64±1.36
which is ~19% of the tidal current driven POC flux annually.
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Furthermore, comparing to the previous outwelling estimates in North Inlet salt marsh I
found that the POC delivered by low tide rainfall-runoff processes to the subtidal channel
is ~11% of 128

estimated by Dame et al. (1986) and ~19% of 69.7
estimated by Chrzanowski et al. (1982). However, this comparison

is not exactly accurate because the measurements by Dame et al. (1986) and Chrzanowski
et al. (1982) were taken at the subtidal channel-coastal ocean interface while my annual
POC yield were taken at tidal creek-subtidal channel interface. The difference between
these two interfaces is mainly a “scaling” issue. Scaling up the small area results to the
large area is a complicated question due to the complexity of landscapes (Wood et al.,
1988; Bloschl and Sivapalan, 1995). From the tidal creek-subtidal channel interface to the
subtidal channel-coastal ocean interface many processes such as deposition, resuspension
and consumption could occur with the rainfall-mobilized POC and details on these
processes are beyond the scope of this study. Nevertheless, it sheds light on how
important rainfall could be in terms of outwelling estimates for an entire salt marsh
system. In short, POC mobilized and transported by low tide rainfall-runoff to the coastal
ocean likely constitutes a disproportionately large pulse and previous estimates of
outwelling fluxes may in fact represent minimum values.
Finally, Dame et al. (1986) estimated that the S. alterniflora primary production
in North Inlet is 397

; therefore, the POC fluxes by low tide rainfall

processes represent 3% of marsh plants annual primary productivity. Although rainfallrunoff processes are relatively short-term, many studies and field observations support
the concept of rainfall providing pulses to outwelling (Chalmers et al., 1985; Wolaver
and Spurrier, 1989; Roman and Daiber, 1989; Das et al., 2011). Therefore, the rainfall-
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runoff processes have significant influence on POC flux and cycling in salt marsh
ecosystems and should be included in coastal biogeochemical models.
4.6 CONCLUSION
The delivery of OM to the subtidal channel by low tide rainfall-runoff constitutes
a hot moment in the intertidal environments. Rain events represent short-term
hydrodynamic processes that mobilize and may transport copious amounts of organic
constituent from marsh surface to the water column. The amount of POC delivered by
rainfall is approximately 19% of the tidal current driven POC annually, indicating that
previous outwelling estimates under calm weather conditions likely underestimated the
net delivery of POC from salt marshes to the coastal ocean. Moreover, the rainfall-runoff
processes selectively mobilize allochthonous OM primarily derived from S. alterniflora.
These particulates are rich in lignin phenols and significantly different from surface
sediment and autochthonous suspended sediment. The input of the allochthonous OM
alters the quality of food resources and potentially influences the ecological communities
and the organic carbon cycling in salt marsh ecosystems. Moreover, this study assessed
the fluxes at the mouth of tidal creeks and accurately evaluated the quality and quantity
of the rainfall-runoff effects at this scale. I suggest that future modeling work or field
measurements investigating the rainfall-runoff effects at the larger scale are needed in
order to help understand changes in salt marsh ecosystem dynamics in response to
changes in rainfall patterns expected with a changing climate.
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Table 4.1 Sampling date, sampling creek, rainfall duration, total rain, peak rain intensity and peak
SSC of the 9 rainfall events with full OM analysis.

Event#

Sampling Date

Sampling Creek

Rainfall
Duration(min)

total
rain
(mm)

1_C18

8_24_2009

C18

75

30.5

1.0

0.8270

2_C18

8_2_2009

C18

180

31.2

0.7

1.2721

5_C18

6_23_2011

C18

140

15.0

0.4

0.3750

9_C18

8_22_2009

C18

345

10.4

0.4

0.0976

3_C24

8_2_2009

C24

165

33.3

0.5

1.7556

4_C24

8_22_2009

C24

270

9.9

0.4

0.3473

6_C24

7_10_2010

C24

130

8.9

0.5

1.6265

7_C24

7_14_2010

C24

90

6.4

0.3

2.1643

8_C24

7_6_2009

C24

195

9.9

0.2

0.3200
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PeakRain PeakSSC
(mm/min)
(g/L

Table 4.2 Results of the full factorial multivariate analysis of variance on the carbon
normalized individual organic constituents (variable unit: mg/100mg OC), sedimentary
individual organic constituent content (variable unit: mg/g Sed) and organic constituent
concentration in water column (variable unit: mg/L water) of 9 rainfall events and 4
background sampling events.

Weather

Water
Elevatio
n

Carbon normalized
COPs (mg/100mg
OC)

Sedimentary
COPs (mg/g
Sed)

COPs concentration in
water (mg/L water)

p

0.000

0.000

0.000

contributi
on

73%

74%

68%

p

0.000

0.000

0.000

contributi
on

75%

75%

67%
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Table 4.3 Summary of total rainfall, contributing area, accumulative POC yield per event,
area normalized POC yield per event, unit rainfall POC yield per unit area, and the
standard deviation of the unit rainfall POC yield per unit area of 23 rainfall events.

Creek24

Creek18

Ebb
(export)
or
Flood
(import
)

Accumulativ
e Rain mm

Ebb

unit rainfall POC
Yield
gPOC/m2/mmRai
n

std of
unit
rainfal
l POC
Yield

0.15

0.015

0.005

-11.73

-0.37

-0.011

0.003

31793

13.32

0.42

0.043

0.01

8.89

30670

6.31

0.21

0.023

0.011

Ebb

6.35

30670

9.13

0.3

0.047

0.018

Ebb

31.24

30670

50.54

1.65

0.053

0.015

Ebb

11.18

31793

3.3

0.1

0.009

0.004

Flood

16.26

31793

-0.5

-0.02

-0.001

0.002

Ebb

4.06

31793

2.46

0.08

0.019

0.011

Ebb

7.62

31793

8.43

0.27

0.035

0.009

Flood

7.62

31793

-0.63

-0.02

-0.003

0.011

Flood

8.64

28602

-0.46

-0.02

-0.002

0

Flood

31.24

28602

-33.17

-1.16

-0.037

0.007

Flood

30.23

19704

-15.21

-0.77

-0.026

0.005

Ebb

9.4

28602

1.57

0.05

0.006

0.002

Flood

7.87

27056

-0.69

-0.03

-0.003

0.003

Ebb

8.38

27056

2.51

0.09

0.011

0.004

Ebb

31.24

27056

13.3

0.49

0.016

0.005

Flood

18.29

27056

-20.43

-0.76

-0.041

0.016

Flood

49.02

27056

-8.58

-0.32

-0.006

0.001

Ebb

14.99

23608

0.16

0.01

0

0.001

Ebb

9.4

28602

2.22

0.08

0.008

0.002

Flood

2.79

19704

-1.82

-0.09

-0.033

0.004

Max
contributin
g area m2

Rainfall
POC Yield
kgPOC/even
t

Rainfall POC
Yield per area
gPOC/event/m

9.91

31793

4.79

Flood

32.77

31793

Ebb

9.65

Ebb

2

Ebb_ave
Flood_av
e

0.022±0.003
-0.016±0.002

Average

0.020±0.002

low tide rainfall (mm)

682

Annual rainfall driven POC yield (gPOC/m2/year)

13.64±1.36

Annual tide driven POC yield (gPOC/m2/year)

70.93
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Figure 4.1 (a) A map of North Inlet salt marsh (modified from Marshalonis and Pinckney
2007). The island outlined by solid black line is Maddieanna Island. (b) Digital Elevation
Model of Maddieanna Island. Creek 24 and Creek 18 are the two sampling sites.
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Figure 4.2 Summary of tidal stage, peak SSC (red bars) and peak rainfall intensity (blue
bars) of 9 rainfall events. Labels show “event ID_creek ID”. For example, 8_C24 means
it is event 8 taken in Creek 24.
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Figure 4.3 Correlation between depth average along channel velocity (mean with
standard deviations as error bars) and water surface elevation in (a) creek 24 and (b)
creek 18. Positive velocity is ebb and negative velocity is flood.
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Figure 4.4 Calculation of the rainfall mobilized particle total travel distances (from origin
to creek mouth) in Creek 24 watershed. (a) Creek 24 watershed and channel network
extracted from DEM in Figure 4.1. (b) Travel distance along the channel network. (c)
Travel distance on the marsh surface. (d) Total travel distance (sum of the distance along
the tidal channel and the distance on the marsh platform) for every possible particle
origins.
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Figure 4.5 Calculation of the rainfall mobilized particle total travel distances (from origin
to creek mouth) in Creek 18 watershed. (a) Creek 18 watershed and channel network
extracted from DEM in Figure 4.1. (b) Travel distance along the channel network. (c)
Travel distance on the marsh surface. (d) Total travel distance (sum of the distance along
the tidal channel and the distance on the marsh platform) for every possible particle
origins.

108

Figure 4.6 Relationship between travel time and total travel distance (black line) and the
percentage of total contributing area (red line) of (a) Creek 18 and (b) Creek 24.
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Figure 4.7 Time series of rainfall intensity (a), tidal water surface elevation
(a), suspended sediment concentration (b), organic carbon concentration (c),
nitrogen concentration (c), Chl a concentration (c), total lignin concentration
(d), hydroxy benzene products concentration (d) and total dimers
concentration (e) in response to rainfall for the event on July 14th 2010.
Dashed line is the boundary of the first 24 samples from 0-240 min and the
next 14 samples from 300-740 min.
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Figure 4.8 Time series of rainfall intensity (a), tidal water surface elevation (a),
organic carbon weight percentage (%OC) (b), nitrogen weight percentage (%N)
(b), Chl a/POC (c), N to OC atomic ratio (N:OC) (c), Total lignin yield (∑Lig)
(d), sedimentary hydroxy benzene products yield (BP_sed) (d), and sedimentary
total dimer yield (Tdimers_sed) (e) in response to rainfall for the event on July
14th 2010. Dashed line is the boundary of the first 24 samples from 0-240 min
and the next 14 samples from 300-740 min.
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Figure 4.9 Time series of rainfall intensity (a), tidal water surface elevation
(a), carbon normalized total lignin (Λ) (b), BP_OC (b), Tdimers_OC (c), SP/VP
and CP/VP (d) and Vd/Vl and Sd/Sl (e) in response to rainfall for the event
on July 14th 2010. Dashed line is the boundary of the first 24 samples from 0240 min and the next 14 samples from 300-740 min.
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Figure 4.10 Temporal variations of accumulative rain, %contributing area, water surface elevation, rain intensity, SSC, POC,
PN, Chl a, Tlig_water, BP_water and Tdimers_water of Event 1-6. Straight dashed lines showed the average values during no rain
conditions.
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Figure 4.11 Temporal variations of accumulative rain, %contributing area, water surface elevation, rain intensity, SSC, POC,
PN, Chl a, Tlig_water, BP_water and Tdimers_water of Event 7-9. Straight dashed lines showed the average values during no rain
conditions.

114

115
Figure 4.12 Temporal variations of accumulative rain, %contributing area, %OC, %N, OC:N, Chl a/POC, ∑Lig, BP_sed and
Tdimers_sed of Event 1-3. Red dashed lines showed average values of marsh surface sediment. Blue dashed lines showed the
average values of creek bank surface sediment. Gray dashed lines showed the average values of no rain suspended sediment.
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Figure 4.13 Temporal variations of accumulative rain, %contributing area, %OC, %N, OC:N, Chl a/POC, ∑Lig, BP_sed and
Tdimers_sed of Event 4-6. Red dashed lines showed average values of marsh surface sediment. Blue dashed lines showed the
average values of creek bank surface sediment. Gray dashed lines showed the average values of no rain suspended sediment.
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Figure 4.14 Temporal variations of accumulative rain, %contributing area, %OC, %N, OC:N, Chl a/POC, ∑Lig, BP_sed and
Tdimers_sed of Event 7-9. Red dashed lines showed average values of marsh surface sediment. Blue dashed lines showed the
average values of creek bank surface sediment. Gray dashed lines showed the average values of no rain suspended sediment.
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Figure 4.15 Temporal variations of accumulative rain, %contributing area, Λ, BP_OC, Tdimers_OC, SP/VP, CP/VP, Vd/Vl and
Sd/Sl of Event 1-3. Red dashed lines showed average values of marsh surface sediment. Blue dashed lines showed the average
values of creek bank surface sediment. Gray dashed lines showed the average values of no rain suspended sediment.
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Figure 4.16 Temporal variations of accumulative rain, %contributing area, Λ, BP_OC, Tdimers_OC, SP/VP, CP/VP, Vd/Vl and
Sd/Sl of Event 4-6. Red dashed lines showed average values of marsh surface sediment. Blue dashed lines showed the average
values of creek bank surface sediment. Gray dashed lines showed the average values of no rain suspended sediment.
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Figure 4.17 Temporal variations of accumulative rain, %contributing area, Λ, BP_OC, Tdimers_OC, SP/VP, CP/VP, Vd/Vl and
Sd/Sl of Event 7-9. Red dashed lines showed average values of marsh surface sediment. Blue dashed lines showed the average
values of creek bank surface sediment. Gray dashed lines showed the average values of no rain suspended sediment.
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Figure 4.18 Canonical discriminant functions of 114 carbon normalized individual CuO
oxidation products. Discriminant analysis divided samples into rain, post rain, no rain,
and surface sediment. Dots with different colors showed the canonical discriminant
function values of suspended sediment under different weather scenarios, cross showed
surface sediment taken from marsh platform. The color boxes showed the centroid of
each group.
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CHAPTER 5
A REVIEW OF RAINFALL-DRIVEN INTERTIDAL ZONE PARTICULATE ORGANIC
CARBON FLUXES
5.1 ABSTRACT
Low tide rainfall-runoff processes have been proposed as a kind of coastal ocean “hot
moment” capable of transporting disproportionately large amounts of material from the
salt marsh surface to the water column. Here I compile data from previous studies of
rainfall-driven material flux and calculate the amount of particulate organic carbon
(POC) mobilized and transported by rainfall-runoff processes across a range of salt
marshes. Values of POC removal rate suggest that the intertidal landscape has a
characteristic response to rainfall at the tidal creek-subtidal channel interface with an
average value of 0.040±0.038 gPOC/m2/mmRain. Furthermore, comparisons between the
rainfall-driven annual POC yield and the outwelling estimates indicate that previous
outwelling findings likely underestimate POC flux from 12-73% at the tidal creeksubtidal channel interface, and possibly up to 230% with an average of 50% at the
subtidal channel-coastal ocean interface. Overall, I present a conceptual box model to
illustrate the rainfall-driven POC flux through the hierarchical structure of salt marshes.
5.1 INTRODUCTION
Salt marshes are depositional environments characterized by the weak hydrodynamic
forcing (e.g., Christiansen et al., 2000) and the high physiochemical and biogenic
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cohesion of the sedimentary surface (Paterson, 1989; Tolhurst et al., 2008).
Consequently, salt marsh surface sediment develops high erosion thresholds (Amos,
1995) that preclude entrainment by tidal currents and shallow water waves (Callaghan et
al., 2010). However, low tide raindrop impacts (Ghadiri and Payne, 1981; Imeson et al.,
1981) and surface runoff fluid shear stress (Hartley and Alonso, 1991) generate orders of
magnitude higher bed stress resulting in substantial salt marsh surface sediment
mobilization (Mwamba and Torres, 2002; Pilditch et al., 2008). Therefore, low tide
rainfall-runoff processes can be characterized as “hot moment” capable of transporting
significant amounts of material from the marsh surface (Mwamba and Torres, 2002).
The introduction of the rainfall-runoff processes to a typical biogeochemical
conceptual model of organic carbon (OC) in an estuary indicates that the sources, cycling
and fate of OC are likely affected by rainfall-entrained particulates (Figure 5.1). For
example, rainfall-runoff processes transport significant amounts of particulate organic
carbon (POC) from the surface sediment to the water column (e.g., Chalmers et al., 1985;
Roman and Daiber, 1989) and thus constitute an important source of OC. Then the
allochthonous material entrained by rainfall-runoff probably affects the food web
structure by providing different types of food sources (Chapter 4). Also, different
enzymes may be needed to decompose the distinct POC which likely alters the
decomposition and adsorption pathways between POC and DOC (Valiela, 1992). Further,
the rainfall-driven POC pulses represent a potentially large source of material to the
coastal ocean (Chalmers et al., 1985; Wolaver and Spurrier, 1989; Das et al., 2011) yet
this pulse is overlooked by previous outwelling estimates which were measured under
calm weather conditions (e.g., Dame et al., 1986).
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Several previous studies observed the POC flux generated by rainfall-runoff
processes (e.g., Chalmers et al., 1985; Roman and Daiber, 1989; Mwamba and Torres,
2002; Pilditch et al., 2008), however, the fluxes provided in these studies are site specific
and event based, which are often difficult to apply to other areas and thereby provided
limited insight on the effects of rainfall-runoff processes on POC cycling. Moreover,
global climate models highlight an intensified hydrologic cycle in North America,
leading to more and more frequent episodes of heavy precipitation (Hayhoe et al., 2007).
Therefore, the potential for low tide rainfall to enhance or disrupt the intertidal zone
biogeochemical processes is on the rise and thus a more comprehensive understanding of
rainfall-runoff processes on intertidal landscape material cycling is needed.
In order to generalize the findings from a range of studies that directly or
indirectly assess the effects of low tide rainfall cycling I used their data to calculate the
POC Removal Rate (gPOC/m2/mmRain) and the annual POC yield (gPOC/m2/year). A
universal flux measurement was derived from the event based observations. This
quantitative information is able to provide insights in evaluating the rainfall-driven POC
flux at any salt marsh worldwide and integrating the effects of rainfall-runoff processes in
models of the sustainability of intertidal zone ecosystems under climate change and sea
level rise.
5.2 PREVIOUS STUDIES
5.2.1 Information from Previous Literature
I found 10 studies that quantified the rainfall-driven POC flux and provided sufficient
details to allow comparison between sites (Table 5.1). These studies were conducted in
different regions of the USA and UK. For example, the Chapter 4 of this dissertation,
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Wolaver and Spurrier (1988), Voulgaris and Meyers (2004), Roman and Daiber (1989),
Leonard et al. (1995), Chalmers et al. (1985) and Mwamba and Torres (2002) were
conducted on salt marshes; Pilditch et al. (2008) and Nowacki and Ogston (2012) were
on mudflats; and Jordan et al. (1986) collected samples in a complex environment of
forest, agriculture and salt marsh. Furthermore, these studies were conducted under
different experimental settings and the POC fluxes were calculated using different
methods. The original information in these articles is listed in Table 5.1. In the following
paragraphs, I briefly introduce their experimental settings and the POC flux calculation
methods; other details can be found in the original articles.
5.2.1.1 Experimental Settings
The major contrasts in experimental settings were in the types of rain: sprinkler irrigation
versus natural rainfall, the sampling construction: flume versus natural channel, the
sampling duration, and the sampling instruments (Table 5.1). For example, Mwamba and
Torres (2002) built a 2 m2 plot for a 45-minute rainfall simulation with 80 mm total rain
and they took consecutive runoff water samples. Pilditch et al. (2008) applied simulated
rainfall on a 0.17 m2 mudflat plot for a heavy rain treatment with rate of 4 mm/min for 6
minutes. Chalmers et al. (1985) built a 60 m * 1.6 m flume on the marsh surface and
sampled rainfall-runoff material every 10-15 minutes for 5 natural rainfall events.
Wolaver and Spurrier (1988) and Jordan et al. (1986) built V-notched weirs in intertidal
creeks for sampling. They took water samples weekly-biweekly to measure both tidal
current and rainfall-driven fluxes. In the study presented in chapter 4 I collected water
samples every 10 or 15 minutes under rain and no rain conditions from the surface of
tidal creeks. Both Voulgaris and Meyers (2004) and Nowacki and Ogston (2012)
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deployed Acoustic Doppler Velocimeters and Optical Backscatter Sensors to measure
current profiles and estimate suspended sediment concentration (SSC). Nowacki and
Ogston (2012) had a relatively long deployment of 45 days while Voulgaris and Meyers
(2004) deployed for 8 days and observed one low tide rainfall. Roman and Daiber (1989)
collected water samples every 2 hours for three consecutive tidal cycles and there was
one storm during the sampling period. Leonard et al. (1995) measured velocity profiles
hourly and collected water samples for one storm event.
5.2.1.2 Flux Calculation Methods
Four methods were used to calculate POC flux from the list of studies in Table 5.1. The
first approach made use of POC concentration, current profiler data and cross-section
area of an intertidal creek mouth. The instantaneous POC flux is the product of POC
concentration, velocity and the corresponding cross-section area. Leonard et al. (1995)
and Chapter 4 used this approach. Leonard et al. (1995) did not report the amount of rain
or contributing area but calculated a net transport of 23725 kg of sediment by a storm
event. I calculated a POC removal rate of 0.020±0.002 gPOC/m2/mmRain shown in
Chapter 4 (Table 5.1).
The second flux calculation method replied on the changes of water level to
calculate the changes in water volume (∆Volume) and then used ∆Volume as the water
discharge. Instantaneous POC flux is the product of instantaneuos ∆Volume and POC
concentration. Chalmers et al. (1985) reported that with 830 mm of low tide rainfall the
annual POC yield was 177.67 gPOC/m2/year while Wolaver and Spurrier (1988) reported
a rainfall-driven annual POC yield of 13.9 gPOC/m2/year. Roman and Daiber (1989) did
not measure the amount of rainfall or contributing area. However, they reported that the
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transport of POC during a storm on ebb tide was 3000 kg. On the other hand, Jordan et al.
(1986) took weekly water samples and reported that sediment flux in weeks with more
than 2 cm precipitation was up to 28000 kg/week while for weeks with less than 2 cm
precipitation it was 5000 kg/week. I assumed that the latter was the background flux
therefore the net rainfall-driven sediment flux is 23000 kg/week (Table 5.1).
The third method of flux calculation was used by Voulgaris and Meyers (2004)
and Nowacki and Ogston (2012). They did not take water samples to analyze POC
concentration. Instead, they estimated SSC from backscatter data and the POC
concentration was calculated with the weight percentage of bulk organic carbon content
from the literature. Voulgaris and Meyers (2004) observed that 13630 kg of sediment
were generated by one rainfall event. Nowacki and Ogston (2012) reported that the net
rainfall-driven sediment flux was 656 to 2700 kg/m2/day (Table 5.1).
The last method of flux calculation was used by Mwamba and Torres (2002) and
Pilditch et al. (2008). In their experiments, they collected rainfall-runoff samples
consecutively, therefore the sample volume was the instantaneous water discharge and
the instantaneous POC flux was the product of instantaneous water discharge and POC
concentration (Table 5.1).
5.2.2 Calculation of POC removal rate and annual POC yield
Due to the differences in measurements of rainfall-driven POC fluxes it is necessary to
derive a common unit to facilitate the comparison between sites. I use “POC removal
rate” with units of gPOC/m2/mmRain as that common unit because for any given salt
marsh if total low tide rainfall and contributing area were available the rainfall-driven
POC flux can be estimated based on the values of POC removal rate. Furthermore, to
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evaluate the rainfall-driven POC flux in the context of overall salt marsh POC flux I
apply “annual POC yield” with units of gPOC/m2/year. This unit is equivalent to the unit
used in outwelling studies (e.g., Nixon, 1980; Dame et al., 1986). In the following
paragraphs, I describe the procedures and assumptions for calculating POC removal rate
and annual POC yield. I also summarize the information needed for these calculations in
Table 5.2, where original information provided in the previous articles or related papers
is in black, assumptions made by the author are in red, results calculated are in green.
Typically, the salt marsh landscape is comprised of platform, tidal creeks and
subtidal channels (Figure 5.2a). The rainfall-driven particulates are transported by runoff
through these landscape units from the platform following the microtopographic
gradients to the tidal creek, and then along the tidal creek to the subtidal channel, and
eventually the particulates reach the coastal ocean. The boundaries between each
landscape unit are the interfaces characterizing the locations where rainfall-driven POC
fluxes were measured in previous studies (Figure 5.2a). The listed 10 studies measured
POC fluxes at three interfaces: plot-plot (A in Figure 5.2a), plot-tidal creek (B in Figure
5.2a) and tidal creek-subtidal channel (C in Figure 5.2a).
Mwamba and Torres (2002) and Pilditch et al. (2008) measured the flux with
simulated rainfall experiments at the plot-plot interface (Table 5.2). Samples taken in
these studies represent particles mobilized by rain drops and transported by runoff for a
short distance (plot length). Therefore, they highlight the process of rain drop impacts
and entrainment. In order to calculate the POC removal rate by Mwamba and Torres
(2002), I obtained the time series of discharge, SSC and %OC from Mwamba (2001) and
calculated a POC removal rate of 0.31 gPOC/m2/mmRain. The averaged annual low tide
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rainfall in North Inlet is 682 mm which is 45.5% of the total rainfall (Chapter 4).
Therefore, the annual POC yield is 211.4 gPOC/m2/year. Pilditch et al. (2008) reported
that the mass of sediment eroded at a flow velocity of 0.3 m/s with 24 mm of rainfall was
106 gSed/m2. They reported the bulk organic carbon content and therefore the POC
removal rate in the Tavy estuary, UK was 0.371 gPOC/m2/mmRain. The annual rainfall
in that area is ~900 mm (http://www.metoffice.gov.uk). Assuming 45.5% occurs during
low tide gives an annual low tide rainfall of 410 mm and an annual POC yield of 152.11
gPOC/m2/year (Table 5.2).
The study by Chalmers et al. (1985) was conducted at the plot-tidal creek
interface (B in Figure 5.2a; Table 5.2). Samples from this study highlighted the processes
of rainfall mobilization and overland flow. They observed five low tide rainfall events
over the sampling period and reported an annual POC yield of 177.67 gPOC/m2/year
with 830 mm of annual low tide rainfall. This gives a POC removal rate of 0.21
gPOC/m2/mmRain (Table 5.2).
The remaining studies listed in Table 5.2 were conducted at the tidal creeksubtidal channel interface (C in Figure 5.2a). The POC fluxes at this interface represent
processes including the resuspension of POC by rain drop impacts on marsh platform, the
transportation by runoff over the marsh platform into the tidal creek, and the
transportation along the tidal creek to the sampling location (creek mouth). For example,
in Chapter I collected 23 low tide rainfall events over three years and analyzed the SSC
and %OC as well as velocity profiles of tidal creeks. The average POC removal rate was
0.020±0.002 gPOC/m2/mmRain and the annual POC yield was 13.64±1.36
gPOC/m2/year in tidal creeks of North Inlet salt marsh (Table 5.2).
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Also, Roman and Daiber (1989) reported 3000 kg of POC being removed by a
rainfall event during an ebb tide over 1.9 * 106 m2. I estimated the rainfall amount by the
mass balance of tidal prisms and assumed that 50% of the imbalance was caused by
rainfall. Hence, the low tide rainfall was assumed to be 30 mm and the POC removal rate
was 0.053 gPOC/m2/mmRain. Furthermore, the average annual rainfall in this study site
is 1170 mm (www.nationalatlas.gov). With the assumption of 45.5% of rainfall occurring
at low tide, the annual low tide rainfall is assumed to be 532 mm. And the annual POC
yield is 28.20 gPOC/m2/year.
Leonard et al. (1995) reported 23725 kg of sediment were mobilized by a rain
event over 5 * 106 m2. They reported that the %OC in rainfall-runoff material was
13.94%. I found the total rainfall of the storm they sampled in
http://www.ncdc.noaa.gov/cdo-web/quickdata and it was 45 mm. Hence, the POC
removal rate was 0.015 gPOC/m2/mmRain. Furthermore, the closest average annual
rainfall I can find near this site is in Weeki Wachee, FL of 1280 mm
(http://www.ncdc.noaa.gov/cdo-web/datasets/ANNUAL/stations/COOP:089430/detail).
With the assumption of 45.5% of rainfall occurring at low tide, the annual low tide
rainfall at this site is assumed to be 582 mm giving an annual POC yield of 8.55
gPOC/m2/year (Table 5.2).
Wolaver and Spurrier (1988) reported that 13.9 gPOC/m2/year was mobilized by
storms. Since their study site is at North Inlet salt marsh close to the study of Chapter 4, I
assume their annual total low tide rainfall is 682 mm and calculated that their POC
removal rate is 0.020 gPOC/m2/mmRain. For the study by Voulgaris and Meyers (2004)
I extracted rainfall-driven sediment yield and total rainfall of one low tide rain event from
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the figures, and estimated contributing area using ArcGIS based on the site map. The
total rainfall was estimated to be 35 mm and the net rainfall-driven sediment was 13630
kg. The averaged bulk organic carbon content was reported as 5.04%, hence POC
removal rate was 0.104 gPOC/m2/mmRain. With the assumption of 682 mm of low tide
rainfall the annual POC yield was 71.5 gPOC/m2/year. Jordan et al. (1986) reported the
weekly net rainfall-driven sediment flux of 23000 kg. The weekly rainfall of 24.3 mm
was extracted from their precipitation figures. Also, wt. %OC of 4.14% was reported in
Correll (1981). Thus I was able to estimate the POC removal rate to be 0.002
gPOC/m2/mmRain. I used 532 mm as the value of annual low tide rainfall. This value
was the same as in Roman and Daiber (1989) because the two studies were relatively
close to each other. Then the annual POC yield was 1.06 gPOC/m2/year (Table 5.2).
For a mud flat environment Nowacki and Ogston (2012) reported a net rainfall
sediment yield of 6.56*105-2.7*106 g/m2/day and approximately 8.9 mm rainfall per day.
I used Google earth to outline their study site and estimated a contributing area of 2.7 *
105 m2. In addition, the %OC in modern Willapa Bay sediment is approximately 7.8%
(Gingras et al., 1999). Thus, POC removal rate is 0.019-0.087 gPOC/m2/mmRain. The
study site has approximately 2 m rainfall annually (Nowacki and Ogston, 2012). I assume
45.5% of total rainfall occurred during low tide then 910 mm low tide rainfall gives an
annual POC yield of 17.04-79.50 gPOC/m2/year.
5.3 RESULTS
5.3.1 POC removal rate
POC removal rate at the plot-plot interface is the greatest amongst the interfaces with
values of 0.310-0.371 gPOC/m2/mmRain (Table 5.2). At the plot-tidal creek interface the
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POC removal rate decreases to 0.210 gPOC/m2/mmRain. At the tidal creek-subtidal
channel interface I observed that regardless of the various environments, locations,
watershed sizes, flux calculation methods and sampling sizes the values of POC removal
rate are relatively consistent in the range of 0.015-0.105 gPOC/m2/mmRain with an
average of 0.040±0.038 gPOC/m2/mmRain if ignoring the minimum value in Jordan et al.
(1986) (Table 5.2).
5.3.2 The Proportion of Rainfall-driven POC Flux in Comparison with Outwelling
Salt marshes provide nutritious organic material to the near-shore environment, expressed
as the “outwelling” theory (e.g., Odum and de la Cruz, 1967; Dame et al., 1986).
Previous outwelling measurements typically considered the POC flux by tidal currents
but excluded the POC flux generated by rainfall-runoff processes. However, studies listed
in Table 5.1 showed the occurrence of substantial mobilization and transportation of
POC. Therefore, the previous estimates of outwelling fluxes may in fact represent
minimum values.
In order to evaluate the proportion of the overlooked component: rainfall-driven
POC flux, I listed the outwelling measurements made in various regions and compared
them to the rainfall-driven POC flux in the same or nearby area (Table 5.3). Due to the
sampling interfaces I divided studies into two categories. The first category is comprised
of studies that made measurements of both tidal current driven and rainfall-driven POC
flux at the tidal creek-subtidal channel interface (C in Figure 5.2a). These studies include
the Chapter 4 of this dissertation where I calculated the annual tidal current driven POC
yield of 70.93 gPOC/m2/year. Compared to the annual POC yield the proportion of
rainfall-runoff is 17-21% of the tidal current POC flux (Table 5.3). Similarly, Leonard et
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al. (1995) estimated that the annual tidal current POC yield was 69.7 gPOC/m2/year
while the annual POC yield was 8.55 gPOC/m2/year. Thus, the proportion of rainfallrunoff is 12% of the tidal current POC flux (Table 5.3). Using the annual POC yield of
Chapter 4 to compare with the tidal current driven POC flux estimated by Ward (1981)
and Settleyre and Gardner (1975) the proportion of rainfall-driven POC is 12-15% of
tidal current POC flux in Ward (1981) and 61-75% in Settleyre and Gardner (1975)
(Table 5.3). At Canary Creek, DE the annual tidal current POC flux was 56
gPOC/m2/year estimated by Roman (1981) and the rainfall-driven annual POC yield was
calculated to be 28.20 gPOC/m2/year based on data of Roman and Daiber (1989). Hence,
the proportion of rainfall-runoff is 50% of tidal current POC flux. Overall, at the tidal
creek-subtidal channel interface the proportion of rainfall-driven POC ranges from 1275% of tidal current POC flux.
The second category includes outwelling estimates made in the subtidal channelcoastal ocean interface (D in Figure 5.2a). For example, Dame et al. (1986) and
Chrzanowski et al. (1982) estimated that the outwelling for North Inlet salt marsh was
128 and 69.7 gPOC/m2/year, respectively. Three studies investigated the rainfall-driven
POC flux at the tidal creek-subtidal channel interface in North Inlet salt marshes (Table
5.2). Comparing the annual POC yield of the three rainfall studies to Dame et al. (1986)
and Chrzanowski et al. (1982) the proportion of rainfall-driven POC flux was 10-103% of
the outwelling POC flux. Also, three studies investigated the outwelling POC flux of the
salt marshes near Canary Creek, DE. They were Chesapeake Bay by Nixon (1980), Great
Sippewisset marsh in MA by Valiela et al. (1978) and Carter Creek in VA by Axelrad et
al. (1976). Compared the rainfall-driven annual POC yield of 28.20 gPOC/m2/year by
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Roman and Daiber (1989) in Canary Creek, DE to these tidal current POC fluxes I found
that the proportion of rainfall-runoff was 14-37% of the outwelling POC flux.
Moreover, Happ (1977) estimated that tidal current POC flux was 25
gPOC/m2/year in Barataria Bay, LA and de Bettencourt et al. (2007) calculated the POC
flux of 16 gPOC/m2/year in Castro Marim salt marsh, Portugal. Since no studies
investigated the rainfall-driven POC fluxes in these areas or nearby regions, I used the
average values of POC removal rate at the tidal creek-subtidal channel interface (Table
5.2) and the local rainfall to estimate the likely annual POC yield in these two regions.
My results showed that Barataria Bay, LA possibly had rainfall-driven annual POC yield
of 29.67±28.18 gPOC/m2/year which was 6-230% of outwelling POC flux. Castro Marim
salt marsh, Portugal likely had annual POC yield of 11.38±10.81 gPOC/m2/year which
was 4-139% of outwelling POC flux.
In sum, I reviewed previous studies and estimated the POC removal rate across
three salt marsh landscape units from small scale such as the plot-plot interface to larger
scale such as the tidal creek-subtidal channel interface. Furthermore, the annual POC
yield of previous studies were calculated and compared with the outwelling estimates in
the same or nearby regions. Overall, salt marsh surface sediment showed a characteristic
response to rainfall-runoff with the average POC removal rate of 0.040±0.038
gPOC/m2/mmRain at the tidal creek-subtidal channel interface. Compared to tidal current
driven POC, the proportion of rainfall-driven POC flux was 12-75% at the tidal creeksubtidal channel interface, while at the subtidal channel-coastal ocean interface rainfallrunoff likely represent up to 230% with an average of 50% of overall outwelling POC
flux.
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5.4 DISCUSSION
Low tide rainfall events are a type of intra-estuarine material cycling process and are
capable of transporting significant amounts of allochthonous marsh plant-derived organic
matter from the marsh surface to the water column (Torres et al., 2004). The rainfalldriven material goes through the hierarchical structure of salt marshes (Figure 5.2a) and
various processes occur during the mobilization and transportation at different parts of
the landscape. For example, rainfall effects start at the marsh surface where rain drops
disturb and resuspend surface sediment (A in Figure 5.2a and b). After the resuspension
sediment is transported by runoff over the marsh surface to the bank of tidal creeks (B in
Figure 5.2a). During this process deposition on the surface might occur, hence the POC
removal rate is less than the plot scale (Table 5.2).
After the runoff material spills into the tidal creek it travels with the extant flows
along the creek to the tidal creek-subtidal channel interface (C in Figure 5.2a).
Summarizing studies conducted at the tidal creek-subtidal channel interface I am able to
compare the values of POC removal rate in different regions with various sediment type,
flux calculation method, sampling size and watershed size (Table 5.2). The outstanding
feature is that regardless of all the differences between sites and based on my limited
assumptions, most studies have a relatively uniform value of POC removal rate, ranging
from 0.015-0.105 gPOC/m2/mmRain, within a factor of 7. This observation indicates that
the intertidal zone surface sediment likely has a characteristic response to rainfall-runoff
processes in mobilization and transportation of POC from the marsh surface to the
subtidal channel. This is possibly due to the uniformity of the intertidal zone sediment
properties such as organic carbon contents, water contents, grain size distribution and
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particle densities, and also due to the consistency in the slope of marsh platform of a
modern day low energy depositional environment. Therefore, I propose that 0.040±0.038
gPOC/m2/mmRain can be applied to most salt marshes worldwide to estimate the net
effects of low tide rainfall on POC flux.
Furthermore, the outwelling concept has been under intense scrutiny and
discussion over the past 40 years. It is still a controversial theory since many marshes are
found to be importing organic matter from coastal ocean (e.g., Woodwell et al., 1979;
Dankers et al., 1984; Stevenson et al., 1988), some are exporting organic matter (e.g.,
Nixon, 1980; Chrzanowski et al., 1983, Dame et al., 1986; Eyre and France, 1997;
Bouchard and Lefeuvre, 2000; Bianchi et al., 2009), and some marshes show no
significant import or export (e.g., Dame et al., 1991; Hemminga et al., 1993).
Nevertheless, the organic matter in the water column still helps support the productivity
in the intertidal ecosystems (Duarte and Cebrian, 1996). On the other hand, none of the
previous outwelling measurements takes account the pulses of rainfall-driven POC and
this omission may cause considerable underestimation of the POC export. Comparing the
outwelling estimates with rainfall-driven POC flux, annual POC yield is 12-75% of
annual tidal current POC yield at the tidal creek-subtidal channel interface, while at
subtidal channel-coastal ocean interface annual POC yield from rainfall processes is up
to 230% with an average of 50% of tidal current POC yield (Table 5.3). These order of
magnitude estimates likely indicate that the previous outwelling measurements may
greatly underestimate the POC flux.
However, the proportion of rainfall-driven POC flux at the subtidal channelcoastal ocean interface is not well-constrained because the rainfall-driven flux is based on
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the observations at the tidal creek-subtidal channel interface. Nevertheless, several
studies suggested that there is a threshold of terrestrial watershed area beyond which the
river chemistry becomes “invariant” with increasing area (Wood et al., 1988; Wolock et
al., 1997; Temnerud and Bishop, 2005; Asano et al., 2009; Dawson et al., 2011).
Following this concept I propose that there is a threshold in salt marsh landscapes beyond
which the area-normalized POC flux becomes invariant with increasing area. Therefore,
the POC removal rate at the tidal creek-subtidal channel interface might be a reasonable
approximation to that at the subtidal channel-coastal ocean interface.
Furthermore, I propose to integrate rainfall-runoff effects to a biogeochemical
model describing organic carbon cycling in intertidal environments (Figure 5.2b and c).
Figure 5.2b shows the rate of rainfall POC removal through the hierarchical structure of
salt marshes from the marsh surface (plot), to tidal creek, to subtidal channel, and finally
to the coastal ocean. Each part of the landscape is considered as a box, and arrows
indicate the rainfall-driven POC removal rate. From smaller to larger landscape features,
the POC removal rate decreases from ~0.34 gPOC/m2/mmRain at plot scale to
0.040±0.038 gPOC/m2/mmRain at subtidal channel scale (Figure 5.2b).
A more simplified box model dividing the entire marsh landscape into two boxes
is shown in Figure 5.2c using North Inlet salt marsh as an example. The top box
represents the marsh surface and the bottom one represents the marsh water column. The
marsh surface corresponds to the landscape unit of “plot” in Figure 5.2b; the interface
between the marsh surface and the marsh water column is the interface between plot and
tidal creek (Figure 5.2a and 5.2b). The box of the water column includes tidal creeks and
subtidal channels (Figure 5.2a and Figure 5.2b). The down arrows represent the annual
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POC yield at each interface. The black arrows represent the tidal current POC yield
(outwelling estimates) while the red arrows show the proportions of rainfall-runoff.
Similar to Figure 5.2b, the flux of rainfall-driven POC decreases during transport. From
the marsh surface to the water column, ~200 gPOC/m2 can be mobilized per year. This
value decreases to ~14 gPOC/m2 due to the POC lost via processes such as aggregation,
adsorption, decomposition and organism metabolic processes, and continues to decrease
further along the salt marsh geomorphic hierarchy. Although I do not have an exact
measurement for rainfall-driven POC flux at the subtidal channel-coastal ocean interface,
rainfall-driven fluxes likely represent a significant portion of the overall exported POC.
5.5 CONCLUSION
I reviewed studies that directly or indirectly highlight rainfall-driven POC flux and
derived a universal POC removal rate of 0.040±0.038 gPOC/m2/mmRain. This value can
be applied to any intertidal environment to predict the POC flux generated by rainfallrunoff processes. Furthermore, the rainfall-driven POC flux plays an important role in the
overall salt marsh POC flux. The overlooked proportion of POC flux by rainfall-runoff
ranges from 12-75% at the tidal creek-subtidal channel interface and an average of ~50%
at the subtidal channel-coastal ocean interface. Overall, I present a model describing the
rainfall-driven POC flux through the hierarchical structure of salt marshes and contend
that rainfall-runoff is a hot moment for intertidal environments and needs to be included
in models analyzing the sustainability of intertidal zone ecosystems under climate change
and sea level rise.
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Table 5.1 The original information provided in previous literatures about rainfall-driven flux.

Ref.

Study site

139

Chapter 4

Maddieanna
Island, North
Inlet, SC

Wolaver
and
Spurrier,
1988

Bly Creek,
North Inlet,
SC

Voulgaris
and
Meyers,
2004

Bly Creek,
North Inlet,
SC

Roman
and
Daiber,
1989

Leonard et
al., 1995

Canary
Creek DE

Cedar Creek
FL

Contributing
area (m2)

~3.2 * 104

9*10

3

Not provided

1.9 * 10

5 * 10

6

6

Environment

Rainfall
type

Salt marsh

Natural
rainfall

Salt marsh

Natural
rainfall

Salt marsh

Salt marsh

Salt marsh

Natural
rainfall

Natural
rainfall

Natural
rainfall

Numbers
of rain
events
sampled

Sampling
Construction

Sampling
protocol

Flux calculation

Original data

23

Natural
Channel

rainfall-runoff
water samples
from creek
surface every
10 or 15
minutes

gPOC/s=current
profile by
ADCP*POC of
water
samples*crosssection area

0.020±0.002
gPOC/m2/mmRain

4

Natural
Channel
with a Vnotched
weir

water samples
from weir
every 11.8
days for two
years

gPOC/s=POC *
∆Volume measured
by the difference of
water height

13.9 gPOC/m2/year
was mobilized by
storms

Natural
Channel

continuous
OBS and ADV
observation for
8 days

gSed/s=current
profile by ADV *
SSC estimated by
ADV*cross-section
area

net sediment mass
per tidal cycle is
13.63 *103
kgSed/cycle

Natural
Channel

water samples
from creek
every 2 hours
for 3
consecutive
tidal cycles

gPOC/s=POC *
∆Volume measured
by the difference of
water height

Transport of POC
during storm ebb
tide: 3000
kgPOC/cycle

Natural
Channel

Hourly
velocity profile
and water
samples

gSed/s=hourly
current profile *
SSC by water
samples *crosssection area

Net transport of
sediment for one rain
event is 23725 kg of
sediment

1

1

1
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Table 5.1 continued. The original information provided in previous literatures about rainfall-driven flux.
Ref.

Jordan et
al., 1986

Nowacki
and
Ogston,
2012

Study
site

Rhode
River
MD

Willapa
Bay,
WA

Contributing
area (m2)

2.05 * 107

Not provided

Environment

Salt
marsh/forest/agriculture

Mudflat

Rainfall
type

Natural
rainfall

Numbers of
rain events
sampled

7 years long
term
observation

Natural
rainfall

2

Sampling
Construction

Sapelo
Island
GA

Mwamba
and
Torres,
2002

North
Inlet,
SC

Pilditch et
al., 2008)

Tavy
estuary,
UK

96 m2

2 m2

0.17 m2

Salt marsh

Natural
rainfall

Salt marsh

80 mm
total rain
simulation
rain

Mudflat

25 mm
total rain
simulation
rain

5

1

1

140

Flux
calculation

Original data

Natural
Channel with
a V-notched
weir

water
samples from
weir every
week

gPOC/s=POC *
∆Volumn
measured by
the difference
of water height

Sediment flux
during weeks
with more than 2
cm precipitation
is 28000 kg; for
weeks with less
than 2 cm
precipitation it is
5000 kg.

Natural
Channel

continuous
OBS and
ADV
observation
for 45 days

gSed/s=current
profile by ADV
* SSC
estimated by
OBS*crosssection area

Net storm driven
sediment flux is
6.56*1052.7*106 g/m2/day

Flume

rainfallrunoff water
samples from
flume every
10 or 15
minutes

gPOC/s=POC *
∆Volumn
measured by
the difference
of water height

Plot

rainfallrunoff water
samples from
plot every 1
to 2 minutes

gPOC/s=POC *
water discharge

Plot

rainfallrunoff water
samples from
plot
continuously

140
Chalmers
et al.,
1985

Sampling
protocol

gPOC/s=POC *
water discharge

Annual rainfall
driven POC
yield is 177.67
gC/m2/year with
830 mm of low
tide rainfall
annually
Time series of
water
discharge, %OC
and SSC of the
entire rainfall
simulation.
Obtained from
Mwamba's
Master thesis
106 gSed/m2
were mobilized
during the
simulation

Table 5.2 Information needed for POC removal rate and annual POC yield calculations. Original information provided in the
previous articles or related papers is in black, assumptions made by the author are in red, results calculated in this chapter are
in green.

Interface

Ref.

Contributing
area (m2)

Rainfall

Water
flux
(m3/s)

SSC
(g/m3)

wt. %OC

Annual
low tide
rainfall
(mm/year)

Sediment flux
per cycle or
event

POC flux per
cycle or event

Rainfall-runoff
POC removal rate
(gPOC/m2/mmRain)

Annual rainfallrunoff POC
yield
(gPOC/m2/year)

Pilditch et al.,
2008

0.17

25 mm
rainfall
simulation

N/A

N/A

8.75

410

106
gSed/m2/event

9.28
gPOC/m2/event

0.371

152.11

Mwamba and
Torres, 2002

2 m2 plot

80 mm
rainfall
simulation

Mwamba
(2001)

Mwamba
(2001)

Mwamba
(2001)

682

Mwamba
(2001)

N/A

0.310

211.40

Chalmers et
al., 1985

1.6 m*60 m
flume

N/A

N/A

N/A

N/A

830

N/A

N/A

0.210

177.67

plot-plot

plottidal
creek

141
141

Table 5.2 continued. Information needed for POC removal rate and annual POC yield calculations. Original information
provided in the previous articles or related papers is in black, assumptions made by the author are in red, results calculated in
this chapter are in green.

Interface

142

tidal
creeksubtidal
channel

Ref.

Contributing
area (m2)

Rainfall

Water flux
(m3/s)

SSC (g/m3)

wt. %OC

Annual
low tide
rainfall
(mm/year)

Sediment
flux per
cycle or
event

POC flux per
cycle or event

Rainfall-runoff POC
removal rate
(gPOC/m2/mmRain)

Annual rainfallrunoff POC
yield
(gPOC/m2/year)

Chapter
4

3.2 * 104

Chapter
4

Chapter
4

Chapter
4

Chapter
4

682

Chapter
4

N/A

0.020±0.002

13.64±1.36

Wolaver
and
Spurrier,
1988

9*103

N/A

N/A

N/A

N/A

682

N/A

N/A

0.020

13.64

Voulgaris
and
Meyers,
2004

1.87 * 105

35 mm

N/A

N/A

5.04

682

13630
kg/cycle

687
kgPOC/cycle

0.105

71.61

Roman and
Daiber,
1989

1.9 * 106

30 mm

N/A

N/A

N/A

532

N/A

3000
kgPOC/cycle

0.053

28.20

Leonard et
al., 1995

5 * 106

45 mm

N/A

N/A

13.93

582

23725
kg/event

3305
kgPOC/cycle

0.015

8.55

Jordan et
al., 1986

2.05 * 107

24.3
mm/week

N/A

N/A

4.14

532

23000
kg/week

952
kgPOC/week

0.002

1.06

910

6.56*1052.7*106
g/m2/day

16.4-67.5
kgPOC/m2/day

0.019-0.087

17.04-79.50

Nowacki
and
Ogston,
2012

2.7 * 10

5

8.9
mm/day

N/A

N/A

7.8

Average

0.040±0.038
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Table 5.3 Summary of tidal current driven POC flux and the proportion of rainfall-runoff in tidal current driven POC flux.
Tidal current driven POC flux
Interface

tidal creeksubtidal
channel

Rainfall-runoff driven POC flux
Rainfall
proportion

13.64±1.36

17-21%

13.64±1.36

12-15%

13.64±1.36

61-75%

Canary Creek DE

28.2

50%

Cedar Creek FL

8.55

12%

Chapter 4

Maddieanna
Island, North
Inlet, SC

13.64±1.36

Voulgaris and
Meyers, 2004

Bly Creek, North
Inlet, SC

71.61

Wolaver and
Spurrier, 1988

Bly Creek, North
Inlet, SC

13.64

Canary Creek DE

28.2

14-28%

Canary Creek DE

28.2

37%

Canary Creek DE

28.2

24%

1630*0.455

29.67±28.18

6-230%

625 * 0.455

11.38±10.81

4-139%

Study site

Annual tidal current
POC yield
(gPOC/m2/year)

Source

Chapter 4

Maddieanna
Island, North
Inlet, SC

70.93

Chapter 4

Ward, 1981

Kiawah Island,
SC

101

Chapter 4

Settleyre and
Gardner, 1975

Dill Creek, SC

20

Chapter 4

Roman, 1981

Canary Creek DE

56

Leonard et al.,
1995

Cedar Creek FL

69.7

Roman and
Daiber, 1989
Leonard et al.,
1995

143
Dame et al., 1986
and Chrzanowski
et al., 1982

subtidal
channel-coastal
ocean

Annual rainfallrunoff POC yield
gPOC/m2/year

Sources

North Inlet, SC

69.7-128

Nixon, 1980

Chesapeake Bay

100-200

Valiela et al., 1978

Great Sippewisset,
MA

76

Axelrad et al.,
1976
Happ, 1977

Carter Creek, VA

116

Barataria Bay, LA

25

de Bettencourt et
al., 2007

Castro Marim salt
marsh, Portugal

16

Roman and
Daiber, 1989
Roman and
Daiber, 1989
Roman and
Daiber, 1989
Average
rainfall-runoff
POC removal
rate * local
rainfall

143

Study site
Maddieanna
Island, North
Inlet, SC
Maddieanna
Island, North
Inlet, SC
Maddieanna
Island, North
Inlet, SC

10-103%

Figure 5.1 a. Biogeochemical conceptual model of organic carbon in an estuary. Boxes
represent the water column, block arrows represent fluxes. Line arrows represent
biogeochemical pathways. Modified from Bianchi (2007). b. Adding rainfall effect. Red
arrows are processes that may be influenced by rainfal-runoff processes.
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Figure 5.2 (a). The landscape units and interfaces in a hypothetical salt marsh. Boxes
represent plots on the marsh surface; black lines represent tidal creeks; blue lines outline
larger subtidal channels; gray outlines delineate the subtidal channel watershed boundary;
black outlines delineate the boundary of the entire salt marsh. The block arrow on the
top-left corner indicates that some marshes may have terrestrial input. Four interfaces are
indicated using red lines. They are A: plot-plot interface; B: plot-tidal creek interface; C:
tidal creek-subtidal channel interface; D: subtidal channel-coastal ocean interface. (b). A
conceptual model describes the rainfall-driven POC removal rate of four salt marsh
geomorphic units: plot, tidal creek, subtidal channel and entire salt marsh. Dashed line
indicates possibly material flux by rainfall-runoff. (c). Box model of POC cycling in
marsh surface, marsh water column and the export into coastal ocean using North Inlet
salt marsh as an example, modified from Figure 5.1. Arrows indicate annual flux of POC
in North Inlet salt marsh.
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CHAPTER 6
SUMMARY AND FUTURE STUDIES
This dissertation demonstrates that low tide rainfall-runoff is a kind of coastal ocean “hot
moment” capable of transporting disproportionately large amounts of material from salt
marsh surface to the water column. The input material has distinct metal and organic
matter characteristics from the substrate surface sediment and no rain tidal current driven
suspended sediment. The analysis of metal contents in rainfall-runoff particles suggested
a heterogeneous distribution of metals in sediment with concentrated surficial layer,
leading to higher concentrations of metals relative to the substrate in the initial runoff.
The analysis of organic carbon constituents suggested that rainfall-runoff material was
depleted in bulk organic carbon and nitrogen while enriched in lignin phenols, indicating
that rainfall-entrained particulates contain allochthonous OM primarily derived from
Spartina alterniflora. Overall, rainfall-runoff processes turn the marsh surface into a nonpoint source of POC and metals. The entrainment of the allochthonous material likely
influences food web structure in the water column. Moreover, rainfall-runoff processes
generate significant POC flux between the marsh surface and the water column. Based on
samples collected from 23 rainfall events I calculated that rainfall-runoff can mobilize
and transport 0.020±0.002 gPOC/m2/mmRain and annually rainfall-runoff can generate
13.64±1.36 gPOC/m2/year.
On the other hand, I reviewed previous studies about rainfall-runoff material flux
and calculated “POC removal rate” with units of gPOC/m2/mmRain and “annual POC
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yield” with units of gPOC/m2/year in a range of salt marshes. Values of POC removal
rate suggested that the intertidal surface has a characteristic response to rainfall-runoff at
the tidal creek-subtidal channel interface with an average value of 0.040±0.038
gPOC/m2/mmRain. Therefore, this value can be directly applied to any intertidal
landscapes for evaluating rainfall-runoff POC flux. Furthermore, the annual POC yield
values were compared with the outwelling estimates. The results indicate that previous
outwelling estimates overlooked rainfall-runoff processes and likely underestimated
significant amounts of POC flux. In the end, I integrate rainfall-runoff POC flux into a
box model describing organic carbon cycling through the hierarchical structure of salt
marshes. From smaller landscape feature to larger landscape feature, the POC removal
rate decreased from ~0.34 gPOC/m2/mmRain at plot scale to 0.040±0.038
gPOC/m2/mmRain at subtidal channel scale. Comparing to the tidal current driven POC
flux, at the tidal creek-subtidal channel interface rainfall is 12-73% of the overall tidal
current POC transport while at the subtidal channel-coastal ocean interface rainfall is
likely up to 230% with an average of 50% of the tidal current driven POC flux.
Therefore, previous outwelling estimates likely underestimated the ability of salt marshes
in providing nutritional material to the coastal ocean.
Finally, the precise measurement of rainfall-runoff POC flux at the subtidal
channel-coastal ocean interface has not been studied. I suggested that in the future model
works or field measurements are needed to investigate the subtidal channel-coastal ocean
interface in order to understand the rainfall-runoff effects on the entire salt marsh
landscapes. Moreover, considering the importance of rainfall-runoff in both quantity and
quality of suspended sediment in salt marsh water column, models analyzing the
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biogeochemical processes of intertidal zones need to integrate the effects of low tide
rainfall-runoff, especially under climate change and sea level rise.
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